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THE ELECTRICAL PROPERTIES OF DENERVATED 
SKELETAL MUSCLE 


By J. G. NICHOLLS 
From the Department of Biophysics, University College London 
(Received 7 March 1955) 


When skelétal muscles have been chronically deprived of their motor innerva- 
tion, their sensitivity to chemical and certain forms of electrical stimulation is 
enhanced, Thus, denervated mammalian muscle (cat gastrocnemius) becomes 
one thousand times more excitable to acetylcholine (ACh), administered by 
close arterial injection (Brown, 1937). Denervated frog muscle is hyper- 
excitable to ACh by a factor ranging from ten (Brown, 1937—close arterial 
injection) to several thousands (Kuffler, 1943— isolated sartorius and single 
fibres), and the threshold to ACh remains 1000 times less at the ‘end-plate’ 
region than elsewhere on the muscle (Kuffler, 1943). 

The sensitivity to ACh and other chemicals is increased far more than that 
to electric stimulation. In denervated mammalian muscles the rheobase is 
generally lowered to about oneefifth of that in the directly stimulated normal 
muscle (precautions being taken to avoid stimulating intramuscular nerves) 
(Pollock, Gollseth & Arieff, 1946; De Smedt, 1950a). When atrophy develops 
the situation becomes” more complicated because less current would flow 
through the fibres and more.through the outside fluid; this might partially 
mask the hyperexcitability of the denervated muscle membrane. 

The increased excitability to current must be associated with changes in the 
membrane properties, but there is little quantitative information available on 
this point. The accommodation of denervated rabbit muscle is reduced 
(De Smedt, 19505), and in mouse muscle a fall in the resting potential after 
denervation has been reported (Ware, Bennett & McIntyre, 1954). It seemed 
desirable to compare more fully the membrane properties of denervated and 
normal muscle. The ‘passive’ electrical properties, the resistance, capacity, 
and time constant of the membrane (Hodgkin & Rushton, 1946; Katz, 1948) 
are of special interest. Alterations of the electric resistance and permeability 
of the membrane to ions might affect the resting and action potentials in 
denervated muscle, and would affect its sensitivity to electric and other forms 


of stimulation. 
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In the present investigation the membrane constants, the resting and action 
potentials, and the sensitivity of the muscle to applied current, as well as to 
ACh, have been determined in normal and denervated frog muscle. Although 
some of the signs of denervation develop more markedly and more quickly in 
mammalian muscle, it was considered an advantage for the present purpose to 
use the relatively stable, isolated preparations of the frog. 


METHODS 


Material. Rana temporaria were used throughout the year. The foot muscle, M. extensor longus 
dig. IV, was used in the experiments with external electrodes and sartorius ‘for the intracellular 
experiments. 

Denervation. The frogs were anaesthetized with 1-2 ml. of an 8% solution of urethane injected 
intraperitoneally. About 2 cm of the sciatic nerve and all its branches in the thigh were removed 
through two small incisions. Operated frogs were kept for at least 3 weeks and nearly always for 
over a month before being used for experiments (cf. Langley, 1908). 

Electrical recording apparatus. In all the experiments two cathode followers were used in the 
input stage, grid current being less than 10-" A. In intracellular experiments connexions were 
made to the electrode through a junction box kept at cathode potential. A push-pull D.C. amplifier 
(Copeland, 1952) was connected to an oscillograph and monitor tube. 

Membrane constants and electrical thresholds using external electrodes. The method of determining 
the electrical constants of a non-medullated nerve fibre (Hodgkin & Rushton, 1946) has been 
applied to the M. ext. long. dig. IV of the frog by Katz (1948). Unless otherwise stated, the methods 
and symbols are those used by Katz (1948). The electrical threshold was determined using 
rectangular pulses of approximately 100 msec duration. Starting with very small currents the 
stimulus was increased until action potentials were initiated. Critical depolarization was taken 
as the largest depolarization at which action potentials just failed to arise. 

In two experiments the conduction velocity was measured by recording with the movable 
electrode at different distances from the cathode. 

The cross-sectional area of the muscle fibres (vol.,/I) and tiie total surface area of membrane (8) 
were calculated in the way described by Katz (1948). In two experiments the diameters of all the 
fibres were measured directly in transverse sections, shrinkage due to histological treatment being 
corrected for. There was good agreement between the areas measured directly in this way and 
indirectly by calculation in both denervated and normal muscles. 

Intracellular experiments. The method of inserting microelectrodes for recording resting and 
action potentials was similar to that described by Nastuk & Hodgkin (1950) and Fatt & Katz 
(1951). To facilitate penetration in muscles where there was considerable atrophy high resistance — 
microelectrodes (up to 23 MQ) had to be used—which sometimes caused the time constant to 
reach values as large as 150 usec. The same electrode, or electrodes of approximately the same 
resistance, were used for both the denervated and normal muscles of a pair. 

In denervated muscle, as in normal, no marked p.d.’s were found along the resting fibre surface, 
and there are therefore no appreciable differences in resting potential from point to point (see 
Figs. 8 and 10). To observe action potentials, a brief stimulating pulse was applied to the two 
compartments of the chamber. For the measurement of threshold a second microelectrode was 
inserted into the same fibre within about 50, of the first; progressively stronger pulses of 
50-100 msec duration were applied to the muscle with the internal stimulating electrode as anode. 
The maximum depolarization at which action potentials just failed to be initiated was taken as 
the ‘critical depolarization’. | | 

The action of ACh on denervated and normal muscle. The methods and apparatus were similar to 
those described by Fatt (1950), using a fluid meniscus as a moving electrode. In the first few 
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. <periments (on the sartorius) recording was by an ink-writing milliammeter, but in all later experi- 
ments on the foot muscle photographic oscilloscope records were taken. The time course of the 
potential after applying ACh was followed until depolarization was maximal. The threshold 
concentration of ACh was taken to be the smallest concentration of ACh which initiated action 
potentials. Prostigmine 10~* (w/v) was used to reduce inconsistencies due to the hydrolysis of 
ACh by the tissue, Prostigmine 10-* has no depolarizing action on denervated or normal muscle ; 
in two experiments, concentrations of at least 2 x 10-* prostigmine were necessary to set up a small 
reversible depolarization of the end-plate region. ACh solutions were freshly made up from ACh 
chloride (Roche). 

Solutions. Ringer solution of the following composition was used throughout: Na+116mm; 
K+ 2 mm; Ca** 1-8 mm; Cl- 119 mm; PO] -1m™; pH 7. Muscles were soaked for at least half an hour 
before each experiment. The denervated muscle was nearly always examined before the normal 
control, which was stored in the refrigerator (2° C) until being used (usually on the same day). 


RESULTS 
Membrane constants 


The length constant, A, was greater in denervated muscle than in normal 
(P <0-001 see Table 1). In denervated muscle the extrapolar potential spreads 
further and the time course of the rise and fall of potential is slower (Figs. 1 
and 2). The mean values of A were 1-46 and 1-06 mm in denervated and normal 
muscle respectively; the latter value agrees with that found by Katz (1948) | 
for the normal toe muscle, viz. 1-1 mm. 

To measure the time constant, 7, use was made of the fact (Hodgkin & 
Rushton, 1946) that the time required for half-rise or fall of the electrotonic 
potential increases linearly with distance, the ‘velocity constant’ being 2A/7 
(see Fig. 3). In every experiment but one 7 was greater in the denervated than 
in the normal muscle; the mean values were 29 and 17 msec respectively. 
Although the scatter of the results is wide, partly because of inaccuracies of 
measurement, the difference is highly significant (P <0-001). 

No significant alterations could be detected in the electrotonic resistance, y, 
and the parallel value, m, of internal and external resistances of the muscle in 
denervated muscle. The percentage of extracellular space and the ratio of 
internal to external resistance of the muscle depend on the amount of surplus 
fluid surrounding the muscle and the extent of atrophy. Neither of these were 
significantly altered in denervated muscle (P > 0-25). Although atrophy did 
occur in a few muscles, the mean values of S, the total surface area of membrane 
and Lmp?, the total cross-sectional area of muscle, were not significantly reduced 
(P > 0-25). 

In every pair the specific membrane resistance, R,,, was greater in the 
denervated muscle. The mean value (10,300Q.cm?) was more than double that 
found in normal muscles (4970Q.cm2); the latter value is in good agreement 
with the figure of 4300Q.cm? found in normal toe muscles by Katz (1948). 

The specific internal resistance of myoplasm, R,;, and the membrane 


capacity, C,,, were not significantly altered in denervated muscles (P a‘ rane 
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The scatter of values of R; was wide in both denervated and normal muscles 
(Table 1). The mean values of both R,; and C,, in denervated muscle are within 
the normal range found by Katz (1948). 


TaBLe 1, Membrane constants and thresholds of normal (N) and denervated (D) muscle. AV is 
the critical depolarization after correcting for interelectrode shunting; / pe | po is the ratio of 
the estimated value of J, (from AV/+/[r,,.7;]) of denervated to normal muscle; ‘ACh’ is the 
threshold concentragion of ACh. 


Da 
Temp. A R; Ry Cu AV 
ated Muscle °C mm msec. Q.cm Q.cm* mV ‘ACh’ 
117 450 6850 202 27-7 £4037 75x10" 
D 19 805 #23 #=$+7,250 420 8-4 — 5x10 
67 N 18 129 215 2100 4050 530 314 #«0-10 wok 
D 16 2% 158 66,560 3-82 3-1 5x 10° 
169 N 17 102 172 306 5450 317 4330 0-27 1x10-* 
D 18 #=‘372 4126 10,100 368 153 8 x 10° 
23 N. 076 _ 2x 10-* 
D 182 196 325 13,200 127 236 2x 10-5 
27 N 19 1208 116 £299 ©3850 302 240 064 75x10 
203 . 417 «246,730 380 #178 1x10-* 
31 N11 #4079 95 172 41,710 5656 220 0-42 5 x 10-7 
D 16 O99 167° 5,530 30) 283 — 75x10" 
47 N 19 O80 442 3,230 654 362 0-03 5x 10-7 
D 8 #147 22 17% 7,820 276 6-6 
N 18 0674 90 1809 597 128 034 26x10’ 
D 172. 104. 287 285 56760 496 126 — 5x10 
36 N 8 181, 33 £366 9900 334 350 0-30 1x10* 
D 417 149 477 16400 291 £193 8 x 
21 N 19 O98 172 405 5140 334 331 0-30 4x 10-7 
D 19 £213 «67,2500 «62040 1x10-* 
41* N 9 212 334 6360 333 0-22 1x 10-* 
D 465 4385 20000 233 126 — 75x10 
33 N 19 136 209 £870 9080 233 434 O21 
D 18 +68 i285 £381 12,750 224 6x 10-* 
37 N 21 072 00 42 2540 3094 388 0-06 one 
D 21 $125 274 720 15,000 183 9-5 
Mean - 19. 106 172 #429328 4970. 41 30-6 0-27 8x 10-7 
values D 18 146 293 #350 10300 31 13-9 8 x 10° 


* Figs. 1, 2 and 3 were obtained from this pair of muscles. 


It seemed possible that the conduction velocity, which depends on the 
membrane properties and fibre diameter," might be altered in denervated 
muscle. In two experiments no consistent differences were found between the 
paired muscles, the average velocity being 1-4 m/sec in the denervated and 
1-6 m/sec in the normal. 

Since the denervated muscle was always examined before the normal, an 
experiment was made on a pair of normal foot muscles to check whether the 
observed differences of A, r and R,, could be due to the effect of different 
storage times on normal muscle. In this pair of muscles the respective values 
for A were 1-3 and 1-4 mm, for + were 29 and 39 msec, and for R,,, were 8,400 


- 3 
4 
val 
. 
4 
¢ 
» 
od 


om 


s DENERVATED SKELETAL MUSCLE * 5 


and 9,600Q.cm*; the second figure refers to the stored muscle, which gave the 
slightly values of A, and R,,. 


Fig. 1. Extrapolar potentials at distances of (from above downwards) 0, 0-2, 0-6, 0-8 and 1-0 mm 
from the anode with rectangular current pulses, in a denervated (D, 41 days) and a normal 
muscle (N). Calibration: 1-5 mV and 50 msec. The pair of muscles i identified by an 
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Fig. 2. 
Fig. 2. “Log of.extrapolar potential plotted against distance in mm from anode in a denervated 
(41 days) and a normal muscle. Same muscles as for Fig. 1. 


ig. 8. Mean of times for half-rise and fall of extrapolar potential (msec) plotted against distance 
(mm) from the anode (satne muscles as in Figs. 1 and 2). 
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The measurements were carried out on eight pairs of muscles. The criteria 
for successful penetration of any denervated or normal fibre were that the 
insertion, as observed on the oscillograph, should be abrupt and that the 
potential should fall instantly and be maintained. If these conditions were 
fulfilled, all fibres were accepted irrespective of the size of the resting or action 
potential. 

The resting potential was not altered in denervated fibres. The mean value 
was 85 mV (s.8. of mean +0°5mYV), in 311 denervated fibres, and 85 mV 
(s.£. +0-9 mV) in 118 normal fibres. The statistical scatter was also similar in 
denervated and normal fibres (see Fig. 4). Some very low resting potentials 
occurred in both normal and denervated muscles. The sixteen denervated 
values below 70 mV (Fig. 4) occurred in the first experiments; thereafter low 
resting potentials were encountered only rarely. 

The action potential was not altered in size in denervated fibres; the 
membrane potential was reversed to the same extent as in normal muscle 
(Figs. 5 and 6), the magnitude of this reversal being 25 mV in 118 denervated 
fibres and 24 mV in 72 normal fibres. These values are smaller than those 
reported by previous workers (Nastuk & Hodgkin, 1950; Fatt & Katz, 1951). 
The explanation is probably that the results were not selected. Most of the 
action potentials of small magnitude occurred in those fibres with low resting 
potentials in the first experiments, If the action potentials obtained from the 
first two experiments are omitted, the mean values for the reversed potential 
become 30 mV for the denervated muscles and 27 mV for the normal. Another 
factor tending to reduce action potential size was the use of high resistance 
microelectrodes. 


Electrical thresholds using external electrodes 

The mean value of the critical depolarization was reduced by half in 
denervated muscle (Table 1 and Fig. 7), and the mean value of the threshold 
current was reduced by two-thirds (Fig. 7). These reductions in threshold were 
not significantly altered if interelectrode shorting was corrected for, using the 
factor (1+1,/r,) (cf. Katz, 1948). The increased sensitivity of the denervated 
muscle to current is clearly due to two factors: (a) the higher membrane 
resistance, 7,,, Which means that less current is needed to produce a given 
depolarization, the current being proportional to 1/,/r,, (cf. Fatt & Katz, 1951), 
and (6) the fact that a smaller depolarization, AV, is required to set ed a 
propagated spike. — 

For a muscle in a large volume of fluid (as is the case in intracellular experi- 
ments or in sttu) the current flowing through the fibre at threshold, 7,, is pro- 
portional to AV/,/(r,,7;) and when estimated in this way can be compared wit! 
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the results of intracellular experiments (see below); the mean value of J, in 
denervated muscle was reduced to 0-27 of the normal (Table 1). 


No. of fibres 


Denervated 
M=85 


Normal 
M=85 


50 100 70. 90100 


Resting potential (mV) 


Fig. 4. Histograms of resting potentials in denervated and normal muscles. Abscissa, resting 
potential in mV; ordinate, number of fibres. M = mean resting potential, NW =total numbers 
of fibres. 


> 


Fig. 5. 


_ Fig. 5, Resting and action potential from @ denervated fibre (28 days). Time, 20 msec; voltage 


calibration in 10 mV steps. Retouched. 
Fig. 6. Subthreshold (upper records) and threshold (lower records) manblies of sueene 
(D, 28 days) and normal (N) muscles. Intracellular electrodes for stimulati ped pr yictin 
‘ent monitored across 100 kQ, under each record. Calibration, 10 mV steps ; 
Spikes retouched. 
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Anodal 


+ 
mV 


Fig. 7. Determination of threshold. Graph of current strength (,A—abscissae) against potential 
at anode and cathode (mV—ordinates) in denervated (41 days) and normal muscle. 


Electrical thresholds using intracellular electrodes 
The critical current, J,, was reduced by about one-third in denervated 
fibres; the mean values were 6-7 x 10-* A in seventy-three denervated fibres 
and 9-6 x 10-* A in forty-three normal fibres (see Fig. 6). Statistically this 
difference was highly significant (P < 0-005). If the minimum instead of the mean 
values are compared, J, is reduced by three-quarters in the denervated fibres. 
The critical depolarization was also reduced ; in the seventy-three denervated 
fibres it was 31 mV, compared to 36 mV in the normal fibres (P < 0-005, 8.z. of 
means +0-6 and +0-9 mV respectively). Comparing the minimum values, 


AV was reduced by about one-third in the denervated fibre (18 mV compared 


to 29 mV). : 

The insertion of 4 second microelectrode to within about 50, of the first 
usually produced a fall of several millivolts in the resting potential, which also 
affects the measurement of threshold. The fall in resting potential reduces the 
critical depolarization, but does not affect the level of critical membrane 
potential (i.e. the p.d. across the membrane at which excitation occurs) 
(cf. Fatt & Katz, 1951). The latter is” ore a measurement which is rela- 
tively unaltered by a fall in resting poténtial. The level of the critical membrane 
potential was 47 mV fA the denervated and 38 mV in the normal fibres. 
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The action of acetylcholine 
ACh in concentrations of 10-° (w/v) produced a just visible depolarization 
of the ‘end-plate’ region in denervated muscles. Increasing the concentration 
(up to a limit of about 5 x 10-7) caused progressively greater depolarization of 


>" ‘end-plate’ region (Fig. 8); depolarization persisted without declining for 


at least 15 min in the presence of prostigmine, In normal muscles, at least 
5 x 10-* ACh is required for a just observable depolarization of the ‘end-plate’ 
region. In five muscle pairs, the denervated muscle was more sensitive to 
ACh by a factor of 50 to 100, using a given depolarization as the index (Fig. 9). 


i 


0 10 20 mm 


Fig. 8. The distribution of potential in a foot muscle denervated 24 days previously. The abscissa 
is the distance in mm from the electrode at the proximal end of the muscle. Negativity with 
respect to this electrode is indicated upwards. The lower record is the distribution of potential 
with the muscle in Ringer solution; the upper record is the potential distribution in Ringer 
containing ACh 10-*, Breaks in this record are due to action potentials. Calibration: 5-0 mV. 


The threshold concentration of ACh at which spikes arose was measured on 
thirteen denervated and twelve normal foot muscles; the mean values were 
8x 10-* and 8x 10-? respectively (see Table 1). The depolarization produced 
by a threshold concentration of ACh was reduced in denervated muscles to 
about one-half of the normal value (see Fig. 10). Threshold concentrations of 
ACh depolarize only the ‘end-plate’ region of denervated and normal muscle ; 
the proximal ‘end-plate free’ region of the foot muscle or sartorius is de- 
polarized only if much higher concentrations of ACh are applied. In two 
experiments the muscles were mounted with the proximal end at the bottom 
of the bath, and the distal end in contact with the upper electrode. Fluid 
containing ACh was run upwards into the bath until it reached the proximal 
end of the muscle; this region was depolarized only by concentrations of about 
10-* ACh in denervated muscle and more than 10-* in normal muscle. 

The thresholds to electrical and ACh stimulation, and the membrane con- 
stants were not further affected by prolonging the period of denervation beyond 
3 weeks, by which time fully hyperexcitability had been attained (Table 1). 
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Fig. 9. Response curve of denervated (@—@, 33 days) and normal (O—O) foot muscle to ACh. 


Abscissae: log concentration of ACh. Ordinates: mV depolarization at region of maximal 
sensitivity. 


ACh 
1x1073 


‘Control 


0 10 20 0 10 20 mm 
Fig. 10. Threshold to ACh of denervated (33 days) and normal muscle. Ordinates and absciasae 
same as in Fig. 8. 10-* ACh is above threshold for the denervated muscle—there are many 
action potentials on the record. 4x 10~" is first threshold for the normal muscle. The 


maximum depolarization at threshold was 4 mV in the denervated and 7 mV in the normal. 
Calibration 5-0 mV. ie 


DISCUSSION 


The main alteration which has been found in the membrane constants of 
denervated muscle is an increase in the membrane resistance. A possible 
explanation of this would be a lowering of the potassium conductivity of the 
membrane. Harris & Nicholls (1953) have found that the uptake of tracer K 
per unit weight is reduced in denervated muscles. A reduction in potassium 
permeability alone would tend to reduce the resting potential, yet no change 
was observed in the resting potential of the denervated fibres. Using the 
equation of Hodgkin & Katz (1946), it can be calculated that halving the 
potassium permeability would reduce the resting potential by 7% (6 mV in 
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DENERV ATED SKELETAL MUSCLE Il 
this case) which is far greater than the standard errors of the mean (0-5 and 


- 0-9 mV in denervated and normal fibres respectively). It is possible that there 


are changes in the permeability or intracellular activity of other ions beside 
potassium, which compensate for the effect of the reduced potassium flux. 

The increase in membrane resistance accounts partly for the increased 
sensitivity of denervated muscle to electric current—less current is required for 
a given depolarization. The reduction in critical depolarization causes a further 
lowering of threshold. Since the membrane current is proportional to 1/,/r,,, 
one would expect a reduction of J, by approximately 30% in a muscle whose 
membrane resistance was doubled. With intracellular recording J, was reduced 
by about 30% and the critical depolarization by only one-seventh in an average 
denervated fibre. With external electrodes, however, far greater reductions in 
current and depolarization were found. This is probably because the most 
excitable fibres of a muscle are selected in the ‘external” measurement of 
threshold (see Methods) and the fibres of denervated muscle appear to have 
a wider scatter of excitability than those of normal muscle. There is better 
agreement between the results of external and intracellular recording, if the 
values found for the most excitable fibres in denervated and normal muscle 
are compared. 

These results confirm the previously reported reduction in rheobase but do 
not account for the apparent decrease in sensitivity to currents of short dura- 
tion observed in denervated muscles in situ, where the chronaxie is increased 
(Pollock e¢ al. 1946; De Smedt, 1950a). Possibly the membrane capacity is 
increased in denervated mammalian muscle; alternatively the decreased 
sensitivity im gjtu may arise from atrophy of the fibres and consequently 
increased shunting. 

The increase in membrane resistance and reduction in critical depolarization 
cannot account for the increase in sensitivity to ACh, which is of a greater 
order of magnitude, Thus fifty times less ACh is necessary for a given depolar- 
ization of denervated muscle and one hundred times less ACh will produce 
action potentials. The way in which a smaller amount of ACh is able to pro- 
duce a given depolarization in denervated muscle is still not understood. 


SUMMARY 


1. The electrical properties of denervated and normal frog muscle have been 
compared. The membrane constants (measured on the M. extensor longus. 
dig. IV, of, Katz, 1948) are altered by denervation. The length constant, A, is 
increased and the membrane resistance, R,,, is doubled. With the membrane 
capacity unchanged, this gives rise to an increased time constant. 

2. The resting and action potentials measured by intracellular electrodes 
are not changed after denervation. In 311 fibres from denervated sartorius 
riuscles, the mean resting potential was 85 + 0-5 mV (s.#.) and in 118 normal 
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fibres the mean was 85 + 0-8 mV. The reyersed p.d. during the action potential 
was 30 mV in denervated fibres and 27 mV in normal fibres. 

3. The minimum current required to stimulate is reduced by about one- 
third in an average denervated fibre, although there is greater reduction in the 
threshold of the most excitable fibres. In addition, there is a reduction in the 
critical depolarization at which action potentials are initiated, which, with the 
increase in R,,, explains the increase in sensitivity to electrical stimulation. 

4. The increase in sensitivity to ACh is many times too great to be ac- 
counted for by these measurements. The threshold concentration of ACh which 
produces action potentials is reduced by a factor of one hundred ; the depolariza- 
tion with threshold concentrations is restricted to a region 85 to 
that of the ‘end-plates’ in normal muscle. 


Tt is a pleasure to thank Prof. B. Katz for suggesting the problem, much advice and constant 
encouragement. I should also like to thank Mr J. 
and Mr J. Armstrong for preparing the transverse sections of the foot muscles. 
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Secretion by the parotid gland of the sheep has been studied in acute prepara- 
tions and by means of fistulae. The sheep is unusual in having a continuous 
flow of parotid saliva which increases in amount both with feeding and with 
cud chewing (Ellenberger & Hofmeister, 1887). Asin the oxits parasympathetic 
nerve supply arrives via the buccal branch of the mandibular nerve as fine 
branches which go from the anterior border of the masseter muscle with the 
duct to the gland (Moussu, 1888, 1890), not via the auriculo-temporal nerve. 
Moussu demonstrated that after section of this nerve the gland continued to 
secrete and he attributed this continued secretion to a non-nervous mechanism 
postulated by Colin (1886). Eckhard (1893) who in 1867 (Eckhard, 1867), 
before Moussu’s discovery, had convinced himself that there was no secreto- 
motor nerve to the gland, held the view that it was due to the ‘nature’ of the 
gland. 

Eckhard (1893), after amplifying these observations and confirming 
Moussu’s observation that stimulating the buccal branch of the mandibular 
nerve (henceforth referred to as Moussu’s nerve) increased secretion, never- 
theless stated that section of the nerve did not cause any reduction in the 
rapidity of secretion by the gland. This view has not been refuted, and is often 
quoted with the reservation that it requires confirmation (Langley, 1898, in 
Schafer’s Physiology text-book; Babkin, 1944). It is associated with state- 
ments that salivary secretion in the ruminant is not stopped by atropine. 
However, the reduction by atropine of normal secretion to a lower rate 
is recognized by Babichev, Perstnov & Kulesco (1930) as indicating a 
biphasic seeretomotor mechanism. In this paper we have endeavoured to 
establish with certainty the effect of the parasympathetic nerve on the 

land. | 
Another controversial matter is the effect of stimulation of the sympathetic 
fibres to the parotid upon its secretory activity. Eckhard (1869) attacked the 
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presentation by Wittich (1867) of incomplete evidence that ‘die ja auch 
von Eckhard beobachtete anfangliche Beschleunigung des Speichelausflusses 
nach Reizung des Nerven entspricht in Wahrheit einer Steigerung des Secre- 
tionsdruckes und einer Mehrung des Secrets’. Eckhard denied that secretion 
increases. The source of the controversy, as far as can be judged from their 
descriptions of surgical procedure, was that; both being ignorant of the route 
of the parasympathetic nerve supply, Wittich preserved it and Eckhard 
divided it. Eckhard’s (1869) report of low maximal secretory pressure in the 
sheep’s parotid has not been further investigated. 

Because we were using parotid fistulae in sheep to produce a long-term 
subtraction of Na+ from the body it was of interest to try to clear up these 
points, by means of the experiments reported below. 


METHODS 
The sheep used in the thirty-two acute experiments from which the data in this paper were pro- 
duced were either Merinos or Merino-crossbreds, except on four occasions when Suffolks were used. 

Anaesthesia was induced by intravenous pentothal (0-3—-0-5 g) and continued after tracheotomy 
with closed-circuit cyclopropane and oxygen. The animal remained in good condition for 6—8 hr 
as shown by pulse, respiration, temperature and blood pressure recording. It was occasionally 
necessary to aspirate the rumen per cannulam because of accumulation of fermentation gases. 

The duct of the gland was dissected either just before its entry into the mouth or near its exit 
from the gland, and a polythene cannula tied into it. When secretomotor effects were sought, the 
buccal branch of the mandibular nerve was found by cutting the masseter tendon 4 cm above the 
lower edge of the mandible, retracting the masseter muscle and dissecting the nerve in the loose 
areolar tissue on the under surface of this muscle. 

The cervical sympathetic trunk was found in some animals as a nerve separate from the vagus 
but when the two nerves occurred as one nerve trunk, dissection was continued caudally until 
they were found separate and then sufficient length for stimulation was secured. 

Vascular isolation of the gland will be described more fully in another paper, but in essence it 
consisted in undercutting the gland, double tying all vessels irrelevant to the experiment and 
cutting between these ties. 

Nerves were stimulated through platinum electrodes by using a potential divider on the output 
of a commercial Bell transformer (50 cycles a.c. —0 to 6 V). 

Prolonged injections of pharmacological agents were carried out either by hand, by a motor- 
driven syringe calibrated against pressure equivalent to arterial pressure, or by a mercury pump 
modified to give a measurement of the amount injected. 

Salivary flow was recorded in almost all instances by collecting the saliva in graduated cylinders. 

The adrenaline and noradrenaline used were manufactured by Burroughs Wellcome and 
Stearns respectively. 


RESULTS 


(1) Parasympathetic nerve supply 

(A) Continuous secretion 
The flow of saliva was studied in sixteen anaesthetized animals. The average 
results were: right side 0-88 ml./min; left side 0-64 ml./min; ¢ value =0-73, i.e. 
no significant difference. After checking that the two sides were secreting at 
approximately the same rate, the motor nerve (Moussu’s nerve) was sectioned 
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on one side on eleven occasions and a collection made. Average results: uncut 
side 1-33 ml./min; cut side 0-35 ml./min; t=4-08, so that with 10 degrees of 
freedom 0-001<P<0-01. From these results it is clear that the secretion is 
partly due to secretomotor nervous influences (Fig. 1), but there is a residual 
secretion which was observed to continue for up to 10 hr under anaesthesia. 

This secretion continued after section of the cervical sympathetic, facial 
and auriculotemporal nerves. The rate of secretion of the recently denervated 
gland was not altered by large doses of atropine (4 mg) given into the carotid 
artery supplying the gland. 

In order to determine whether this continuous secretion was due to a 
mechanism proceeding from the abdominal viscera, two sheep were eviscerated, 
i.e. the abdominal alimentary canal, the spieen and pancreas were removed. 
Despite the operative trauma and lower blood pressure (45 mm Hg rising to 
75 mm Hg), secretion from the gland was still going on at the basal rate 2 hr. 
later. 

In view of the preceding results, in each of two sheep a gland was isolated 
from the circulatory system except for the carotid artery and external jugular 
vein. The gland was excised and then transferred to a Dale-Schuster pump 
delivering Ringer—Tyrode solution with 5% Dextran in one case, and Ringer- 
Tyrode solution with 5°%, Dextran and 10%, sheep’s red blood cells in the 
other. The liquid was equilibrated with 95°% O, and 5% CO,. On both 
occasions, despite a gradual falling-off of perfusion volume per minute, the 
secretion continued for a period of 2 hr and the composition remained typical 
of sheep’s parotid saliva. Emmelin (1953) has shown a similar result with the 
sublingual glands of cats. From these experiments there is no result contrary 
to Eckhard’s (1893) conclusion that the continuous secretion of the denervated 
gland is not excited by outside influences, but is due to the ‘nature’ of the 
gland. 


(B) Parasympathetic stimulation 

Stimulation of Moussu’s nerve to undisturbed glands was carried out on 
twelve occasions. During stimulation the secretion was greatly increased 
in amount. Means: unstimulated, 0-88 ml./min; stimulated, 5-23 ml./min; 
t=6-52 with 11 p.¥.; P<0-001 (Fig. 1). The latent interval was very short 
(1-2 sec) and the rapidity of secretion gradually decreased despite continuous 
moving of the electrodes to prevent polarization (Fig. 2). This procedure was 
carried out with vascularly isolated glands on twelve other sheep with a 
similar result. 

Acetylcholine injected directly into the artery gave an increase in amount 
of secretion of the same order as stimulation of Moussu’s nerve. Atropine 
(4 mg) given over 2 min intra-arterially completely prevented the secreto- 
motor effect, in contrast to its complete failure to influence the residual 
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secretion. Pilocarpine (10 mg in 2 min given intra-arterially) caused a great 
and prolonged increase in secretion from the gland (from 0-4 to 2-6 ml./min) 
and this was inhibited by atropine. Eserine intra-arterially (0-5 mg) may in- 
crease secretion from the denervated gland (Feldberg & Guimarais, 1935), but 
did not increase the effect of maximal secretomotor stimulation. 


Moussu’s nerve 

84. 
7 Cut left 

Moussu’s nerve 
—6V stimulation 
4- Cut left 

Cut left Mc ussu’ 

34 (intact ) Moussu’s nerve 

24 

04 | 

71.33 12.07 12.21 12.35 12.41 


Time 
Fig. 1. The salivary minute volume from the right and left parotid glands: (a) with nerves intact; 
(b) after cutting Moussu’s nerve on the left side; (c) during stimulation of Moussu’s nerve on 
the left side; (d) control (left Moussu's nerve cut); (¢) stimulating back of tongue (6 V). 


(II) Cervical sympathetic nerve 
(A) Effect of cervical sympathetic stimulation on motor nerve response 

If, during secretomotor stimulation, the peripheral end of the cervical 
sympathetic trunk was stimulated, there was a marked reduction in the flow 
of saliva (Czermak, 1857). On cessation of sympathetic stimulation there was, 
after a latent interval of 15-30 sec, a return to the level expected at that time 
of stimulation (Fig. 2). If secretomotor stimulation was started immedi¢tely 
after stopping stimulation of the cervical sympathetic to a quiescent gland 
this ‘after discharge’ effect was well demonstrated as a reduction in the 
amount secreted in the first half minute (Fig. 3). Noradrenaline (4 x 10-*) 
injected at 0-5 ml./min into the ipsilateral carotid artery caused a similar 
effect in two animals. There was an irreversible inhibition in another sheep: 
2 hr later not even basal flow was occurring and neither secretomotor stimula- 
tion nor intra-arterial acetylcholine produced any increase in flow. Adrenaline 
in the same dose also gave reversible reduction in flow on two occasions, but 
on one occasion gave no effect in an animal responsive to noradrenaline. 

It was important to determine whether the effects of noradrenaline and of 
stimulation of the cervical sympathetic were due to a direct action on the 
secretory cells or were due solely to a vascular effect, and the following experi- 
ment was therefore carried out. All tributaries of the external jugular vein 
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except those coming from the gland were cut and the carotid branches above 
the digastric muscle were divided leaving only the branches to the gland, i.e. 
the superficial temporal artery, posterior auricular artery, transverse facial 
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Fig. 2. Solid curve—gradual decrease in the minute volume of saliva during prolonged stimula- 
tion of Moussu’s nerve. Broken curve—effect of concurrent cervical sympathetic-stimulation 
during the course of Moussu’s nerve stimulation. 
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Fig. 3. The effect of immediately preceding cervical sympathetic stimulation upon 
the salivary flow response to Moussu’s nerve stimulation. 


artery at the anterior border of the gland, and internal maxillary arteries were, 
divided. Moussu’s nerve and the cervical sympathetic were prepared for 


stimulation. The stump of the main facial vein (a large vein in the sheep) was 
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then cannulated and the mouth of the cannula was passed through the 
bifurcatory valve into the external jugular vein thus making a T tube out of 
the veins. A resilient polythene tube was put on the cannula and clipped. The 
animal was then given 10,000 units of heparin intravenously. To measure the 
venous outflow from the gland a clip was placed on the jugular vein just distal 
to the cannula and the polythene tube was released; the flow was measured 


against time. 
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Fig. 4. The relationship between salivary flow induced by Moussu’s nerve stimulation and blood 
flow when the latter is reduced by graded constriction of the arterial supply to the gland. 
Neither basal salivary flow nor reduced salivary secretion induced by simultaneous or 
immediately preceding cervical sympathetic stimulation fall on this curve. 


In order to determine the relationship between maximal secretomotor flow 
and blood flow, a bulldog clip with an adjustable stop was used to produce a 
graded constriction of the carotid artery just proximal to the vascularly 
isolated gland. Then with a mercury manometer recording the blood pressure 
in the arterial supply to the gland, the stop was adjusted to give a number of 
stages in reduction of blood flow. Fig. 4 illustrates the effect of this mechanical 
adjustment of blood flow upon maximal secretomotor effect (stimulation of 
Moussu’s nerve). By comparing blood and salivary flows on a gland during 
simultaneous stimulation of Moussu’s nerve and the sympathetic, it was 
possible to see whether the blood flow/secretory flow ratio fell on the curve. 
In the experiments shown in Fig. 4 it falls below the ‘mechanical’ value. 

In two other similar experiments the points on the blood-salivary flow 
curve were more scattered and the point for stimulation of the sympathetic 
fell within the scatter. 
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On another occasion the sympathetic was first stimulated concurrently with 
Moussu’s nerve, and measurements made of blood and salivary flows. Then 
with stimulation of Moussu’s nerve proceeding, the clamp on the artery was 
adjusted to give the same blood flow as during stimulation of the sympathetic, 
and the resultant salivary flow observed (Table 1). 

With blood flows of 4:5 and 4-75 ml./min respectively the salivary flows 


were 1-0 ml./min for sympathetic stimulation and 0-65 ml./min for mechanical 
restriction of blood flow. 


TasLE 1. Comparison of effects of sympathetic stimulation and of mechanical restriction of 
blood flow on maximum rate of salivary secretion 


Blood flow Saliva 
Time Procedure (ml./min) (ml./min) 
1508 Gland unstimulated ll 0-25 
1526 Moussu’s nerve stimulated 42 3-7 
1542 Moussu’s nerve stimulated + sympathetic 4-5 10 
stimulation (5 min) - 
1611 constricted with Moussu’s nerve 4-75 0-65 
stimulated 


1627 Moussu’s nerve stimulated 21 2-0 


TaBLEe 2. Comparison of effects of noradrenaline and of mechanical restriction of 
blood flow on maximum rate of salivary secretion 


B.P.in 
gland Blood Salivary 
Duration field flow flow 
Time (min) Procedure ; (mm Hg) (ml./min) (ml./min) 
1551 1 Moussu’s nerve stimulation 72 58 2-0 
1552} H Moussu’s nerve stimulation + noradrenaline 87-108 44 0-48 
1 ml./min (1:50,000) 
1555 3 ##§$Moussu’s nerve stimulation (immediately after 80-60 48 0-27 
noradrenaline) 
1631 1 Moussu’s nerve stimulation — -— 5-0 
1641 3  ##$Moussu’s nerve sti tricted artery 40-20 5 21 
1650 2  ##$Moussu’s nerve sti t stricted artery 70 31 3-8 
1659 2 ##$Moussu’s nerve stimulati stricted artery 40 18 2-5 
1714 2 Moussu’s nerve stimulation 46 52 3-0 


In a similar experiment, a comparison was made of the effects on salivary 
flow of intra-arterial injection of noradrenaline and mechanical restriction of 
blood flow. Noradrenaline caused a restriction of salivary flow out of all pro- 
portion to the degree of vascular constriction (Table 2). 

These results indicate that while there is a clear-cut difference between the 
effects on salivary flow of mechanical restriction of blood flow and injection 
of noradrenaline, there is no significant disparity in the case of sympathetic 
stimulation. It seems probable that the effect of sympathetic stimulation is 
due simply to vasoconstriction (Heidenhain, 1868; Langley, 1878). 
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(B) Effect of cervical sympathetic stimulation on continuous salivary flow from 

the denervated gland 

(i) Stimulation of short duration. On stimulating the peripheral portion of 
the ipsilateral cervical sympathetic trunk in an animal with Moussu’s nerve 
cut there was, after 3-4 sec, a rapid transient increase in the flow of saliva 
from the cannula (8-45 drops). The response lasted from 10 to 40 sec, and it 
was proportional to the time elapsing since a previous stimulation. In an 
instance where sympathetic stimulation produced a gush of twenty drops, 
2 min delay was required for a maximal and half a minute for a minimal 
subsequent response. The effect was associated with a decrease of blood flow 


through the gland. In one instance four control blood-flow readings were . 


11-5, 11, 11 and 10-5 ml/min respectively. During the first minute of 
‘stimulation the blood flow fell to 2-5 ml./min. Generally the first cervical 
sympathetic stimulation produced approximately ten more drops than 
on subsequent occasions when each sympathetic stimulation produced a 
remarkably constant number of drops. The effect of cervical sympathetic 
stimulation with Moussu’s nerve cut was not changed by intra-carotid 
administration of eserine (cf. Secker, 1936). Gentle irrigation of the duct 
system for 3 min with 1 mg of dihydroergotamine in 2 ml. of saliva greatly 
diminished the effect, whereas irrigation with the same volume of saliva had 
no effect. 

There was, however, no increase in the total amount of saliva collected over 
a 30 min period with stimulation for 20 sec of every 2 min; on three occasions 
with different sheep the slowing of. flow following each stimulation almost 
exactly compensated for the transient increase, e.g. control, 11-1 ml.; stimula- 
tion, 11-9 ml.; control, 12-5 ml. The effect of sympathetic stimulation in this 
experiment was shown by the amount of saliva collected during stimulation, 
5-9 ml., during a total period of 300 sec, and that collected in the intervals, 
6 ml., during 1500 sec. Fig. 5 presents the data of an experiment of this type 
as a cumulative drop record. A similar gush of drops was produced when 
either 1 ml. of noradrenaline 1/40,000 or 1 ml. of adrenaline 1/40,000 was 
injected intra-arterially. 

This effect might be due to contraction of the ducts, of the acini, or of 
vessels ‘compressing’ the gland; or it might be due to an actual change in the 
secretomotor mechanism. 

In order to see whether it was due to contraction of the extra-glandular 
duct, the cannula was connected to a vertical 3 mm bore glass tube and with the 
column at 15 cm of saliva a rapid rise and fall of 10 cm in the column occurred 
on stimulating the sympathetic nerve. After min rest a finger was applied 
firmly to the skin so as to block the duct at its exit from the gland. On 
stimulating the cervical sympathetic not a trace of the original effect was now 
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‘ observed. This was also the case when noradrenaline or adrenaline was injected 
into the carotid artery. 

In order to investigate the possibility of the effect being due to a vascular 
| change, the isolated artery to the gland was clamped and the venous outflow 
) observed. When blood flow had stopped, the sympathetic was stimulated with 
, a resulting gush of saliva but no outflow of blood from the vein. This experi- 
| ment was repeated after compression of the gland and duct so as to expel as 
much saliva as possible before cervical sympathetic stimulation. There was a 
gush of four to six drops of saliva but no outflow from the vein. The venous 
outflow from a resting gland without arterial compression did not show any 
unequivocal transient increase when the sympathetic was stimulated. 


e100 
v 
r 
Time, min 
5 Fig. 5. The effect of cervical sympathetic stimulation upon the basal flow of saliva in a gland 
L with Moussu’s nerve divided. The gush of saliva obtained on sympathetic stimulation is 
, compensated for in the subsequent pause. 
: In order to examine whether sympathetic stimulation influenced the 
- character of the secretion, experiments were designed to discover whether the 
saliva appearing during stimulation differed in composition from that obtained 
f without stimulation. 
é After cutting Moussu’s nerve to an otherwise undisturbed gland, a short 
| cannula was tied into the duct at its exit from the gland. The gland and duct 
: were then ‘milked’ and the number of drops of saliva which could be obtained 
a was observed. In one instance, five drops could be obtained by squeezing the 
d giand, and the cannula ‘dead space’ was another two drops. Then six test- 
d tubes, into each of which 10 ml. of distilled water had been pipetted, were 
* made ready. Two drops of saliva were allowed to fall into the first as a control, 


3 and then the cervical sympathetic was stimulated for one minute. During this 
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time thirty-five drops were ejected at a greater than basal frequency. There 
was the usual post-stimulation compensatory pause so that the end result was 
that fifty-three drops fell in 5 min 10sec. The drops 20 and 21, 30 and 31, 34 
and 35, 40 and 41, and 46 and 47 were collected into the test-tubes. These 
solutions were analysed by flame photometry to see if there was any change 
in Na+: ratio (Table 3). 

A second experiment, also designed to permit comparison of the composition 
of basal saliva and the saliva produced by sympathetic stimulation, was per- 
formed. Basal saliva was collected in a beaker for analysis. The cervical 
sympathetic was then stimulated for 30sec and saliva obtained from the 
cannula during this 30sec and for 4} min subsequently was collected in 


TasBie 3. Na and K concentrations in saliva collected before, during and after sympathetic 
stimulation. The ratios Na/K are accurate, but the absolute values are only approximate due 
to the technique of collection. 


m-equiv/l. 
Episode Nat K+ Ratio: Na/K 
(1) Control 153 5-2 29-5 
(2) Drops 20 and 21 151 6-6 22-9 
(3) Drops 30 and 31 152 7:3 20-8 
(4) Drops 34 and 35 147 8-7 16-9 
(5) Drops 40 and 41 98 18:5 5:3 
(6) Drops 46 and 47 106 22-5 4-7 


TaBLE 4, Na and K concentrations in saliva before, during and after sympathetic stimulation 


m-equiv/l. 
Episode Nat Kt Ratio: Na/K 
(1) Pre-stim 185 3-8 48-7 
(2) Drops 1-15 179 4-6 38-9 
(3) Drops 16-25 182 5-0 36-4 
(4) Drops 26-30 188 6-3 29-8 
(5) Drops 31-35 189 12-5 15-1 
(6) Drops 36-40 177 15-9 11-1 
(7) Remainder 170 75 22-7 
(8) Post-stimulation 182 3-8 47-9 


several portions. Drops 1-15, 16-25, 26-30, 31-35, 36-40, and the remainder 
(to the end of the 5 min period) were collected separately. This whole pro- 
cedure was performed nine times in order that the various volumes should be 
adequate for analysis. Fifteen minutes after the end of the experiment a 
further control collection of basal saliva was made. The results of the analysis 
are shown in Table 4. There was a remarkable constancy in the number of 
drops produced in each ‘gush’ during sympathetic stimulation (33, 31, 30, 
31, 29, 30, 30, 52, 48, 52, 51, 
50, 51, 54 and 52). 

These two experiments show a rise of Kt, relative to Na*, in the saliva 
collected during sympathetic stimulation, and a clear-cut rise of K+, and a fall 
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of Na*, concentration in the saliva occupying the duct system at the cessation 
of stimulation. The results also suggest that the volume of the duct system 
or ‘dead space’ was greater than that indicated by the milking procedure. 
In another three sheep the sympathetic was stimulated and the number of 
drops estimated to be in the dead space was collected in one container. Then 
the remainder of the drops arising during sympathetic stimulation was 
collected in another container. Any drops appearing between the end of this 
collection and the time for repetition of stimulation were collected in the first 
container, and this procedure was repeated until sufficient material was 
obtained for analysis of Na+, K+ PO?-, i.e. approx. 4 ml. The results were: 


| Nat K+ Na/K 
EazperimentI Interval 157 27-1 5-8 
Stimulation 177 13-2 13-4 
Experiment II Interval 154 36-8 4-2 
Stimulation 172 25 6-8 
Experiment III Interval 145 38-1 3-8 
Stimulation 157. 27-1 5-8 


These results are consistent with the findings shown in Tables 3 and 4. 

The possibility that these differences were the result of diminished blood 
flow due to vasoconstriction was tested by producing comparable reduction 
of blood flow by constriction of the artery. The result was 


m-equiv/litre 
Saliva flow Blood flow r A — Ratio 
Experiment (ml/min) (ml/min) Nat K+ Na/K 
Control (15 min) 0-27 22 156 22-4 7-0 
Clamped artery (10 min) 0-15 2-5 149 18-7 8-0 


Thus during mechanical arterial constriction, the ionic change was not the 
same as that during sympathetic stimulation. 

The question of contraction of intra-glandular ducts remained. For this 
investigation a vertical glass tube was attached to the cannula and the rise 
due to basal secretion from a gland with Moussu’s nerve cut was plotted against 
time. Then the pressure was reduced to atmospheric and as the column rose 
stimulation of the cervical sympathetic was started. The effect is seen in Figs. 
6 and 7. A sharp initial rise was maintained during stimulation of the sym- 
pathetic and was followed by a fall to approximate base-line, followed by a 
secondary slower rise. Then after a period of flattening the column returned 
to its former rate of rise. It seems likely that the secondary rise was due to 
dilatation of the blood vessels of the gland; it did not occur if the artery to the 
gland was clamped when the ‘ebb wave’ reached bottom, nor did it occur 
when the sympathetic response was elicited in a gland with no blood flow 
(Figs. 7 and 8). 

It is well known that both the sympathetic and parasympathetic are . 
secretomotor for the submandibular glands of the cat and dog. Langley (1889) 
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Key: 
Basal secretion 
Basal secretion with 
stimulation of cervical 
sympathetic in periods 
indicated 


Height of column, cm of saliva 
3 


Time. min 
Fig. 6. Rise of the salivary column supported by basal secretion of the gland with Moussu’s nerve 
divided, compared with the rise of the column coincident with three episodes each of 15 sec 
cervical sympathetic stimulation. 
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Salivary column height, cm 


Clamped common 


Stimulate cervical sympathetic 
carotid artery 


0 1 2 3 4 5 6 7 8 9 10 
Time, min 

Fig. 7. The effect on the height of the salivary column (supported by basal secretion of the gland 
with Moussu’s nerve divided) of (a) 15 sec cervical sympathetic stimulation, and (6) 15 sec 
cervical sympathetic stimulation immediately followed by clamping of the common carotid : 
artery for 1 min. 
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has described the augmentor action of the after-discharge effect of the para- 
sympathetic upon the response to sympathetic stimulation. It was not 
possible to demonstrate such augmentation in the sheep’s parotid (Fig. 9). 


50 
§ 
40 

Stimulate cervical sympathetic 
3 20 lp Clamped common carotid artery 
0 i 2 3 ‘ 
Time, min 


Fig. 8. The effect othe height of the salivary column (supported by basal secretion of the gland 
with Moussu’s nerve divided) of clamping the common carotid artery and superimposing 
on this 20 sec cervical sympathetic stimulation. 


Control decay curve 


Stimulation of cervical 
x-——x sympathetic during 
decay period 


Salivary flow, mi./min 


Stimulate Stimulate cervical. ~ 
Moussu's nerve sympathetic 
Time, min 


Fig. 9. The effect on the decay curve of salivary flow following 30 sec Moussu’s nerve stimula- 
tion of one minute’s cervical sympathetic stimulation. The salivary gush is seen, but it is 
immediately followed by a compensatory pause. 


¥ This was also the case with submaximal stimulation of Moussu’s nerve using 
maximal intensity but a submaximal frequency of 2 or 5 per sec (a frequency 
of 12 per sec gives a maximal response from the gland). 

(ii) Prolonged stimulation of the cervical sympathetic. Stimulation of the 
cervical sympathetic to the gland with Moussu’s nerve cut for a period of 
10 min usually resulted in a reduction of saliva production (Fig. 10). This was 
also the case on stimulating the cervical sympathetic for 10 min in a gland with — 
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Moussu’s nerve intact. Chemical analyses in this latter instance showed 
alterations in the same direction as in the experiments with short-term 


sympathetic stimulation. m-equiv/l. 
Episode Nat K+ Na/K 
Control (6-1 ml. in 8 min) 182 5-0 36-4 
Stim. cervical sympathetic (2°3 ml. in 10 min) 182 16-0 11-4 
Post-period control (5-8 ml. in 10 min) 175 17-5 10-0 
140; Moussu’s nerve divided 
130- Control immediately 
after stimulation 
3 110; cervical sympathetic 
100; 
90: 
80. Basal control 
3 70: 
E 40. Stimulate cervical 
E 30; sympathetic 
QO 20 
10 


Time, min 
immediate post-stimulation phase, compared with the basal secretion of the parotid gland. 
After the initial gush of saliva occurring at the commencement of stimulation there is an 
- overall reduction so that the total amount in 10 min is reduced. 14 min after the cessation of 
sympathetic stimulation the secretion rapidly returns to the basal rate. 


These results form a basis for consideration of the effect of short-term stimu- 
lation of the cervical sympathetic upon basal secretion by the parotid. The 
lobules of the gland are contained in relatively inextensible capsules. The 
components within this capsule are the acini and the ductules with their 
salivary contents, and numerous blood vessels. In steady conditions the 
salivary outflow would be that produced by the acini. Expansion of the blood 
vessels would produce a transient increase in salivary outflow as would con- 
traction of the acini or ducts. A transient reduction in salivary flow would 
result from vascular constriction or dilatation of salivary channels. It has» 
been shown that with stimulation of the cervical sympathetic trunk to a 
parotid with Moussu’s nerve cut the total salivary flow for the period of 
stimulation and a prolonged subsequent period was the same as when stimu- 
lation of this nerve was not carried out. The simplest explanation of the facts 
(particularly Table 4 and Fig. 5) is that stimulation has not altered the rate 
of water transference to the duct at any stage, but has altered the composition 
of the saliva. At the same time it has caused a transient decrease in the 
capacity of the intra-glandular duct system. On stimulation of the cervical 
sympathetic the vessels to the gland almost certainly constrict with the 
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reduced blood flow. The gush of saliva resulting from stimulation is therefore 
not likely to be due to vasodilatation. The sharp gradient of the rise and fall 
in the manometric experiments is very suggestive of a contractile mechanism 
rather than of increased secretion.. The myoepithelial tissue of the inter- 
calated ducts is the most likely source of this effect (Silver, 1954; Kay, 1954). 
The effect of dihydroergotamine introduced into the duct system supports 
this contention. 

That the vascular distension affects the pressure relationships is shown by 
the fact that arterial clamping prevents the positive wave in the post-stimu- 
latory period. Vasoconstriction probably is indicated by the result of prolonged 
stimulation of the sympathetic. On the figures available, the changed salivary 
composition on sympathetic stimulation cannot with certainty be ascribed 
to any mechanism other than extreme vasoconstriction of the arterioles to the 
acini themselves. : 


(III) Reflex stumulation of salivary secretion 
_ For these experiments both ducts were cannulated and usually both glands 
left innervated. A control collection was taken in these experiments and a 
steady rate of dropping was required before any stimuli were tried. 
Stimulation of the central end of the cut vagus gave on all three occasions 
a clear-cut increase in secretion per unit time, e.g. 0-6 ml./min increasing 
to 1-25 ml./min (Oehl, 1864; Clark & Weiss, 1954). Cessation of artificial 
respiration in apnoeic animals also uniformly caused increased secretion, e.g. 
1-0 ml./min increasing to 4-5 ml./min (Langley, 1898). In these circumstances 
the concentration of cyclopropane would remain approximately constant but 
the concentration of CO, would increase while the 0, concentration would fall. 
Increasing CO, to 10% in the respired mixture gave no response nor did 
reducing QO, pressure until the animal was very cyanotic. It would appear that 
the cause of increased secretion in this experiment is combined anoxia and 
increased CO,. This effect of combined CO, excess and oxygen lack in in- 
creasing salivary flow has also been demonstrated in the submandibular — 
glands of dogs (Eddy, 1929). 
The following procedures gave an increased secretion on some occasions bu 
not on others: acetic acid pH 3-0 on the tongue or acetic acid vapour into the 
nostril; bottle brushing of the oesophagus (Clark & Weiss, 1954); sucrose 20% 
solution in the mouth (0-6 ml./min increasing to 1-4 ml./min); faradic stimula- 


_ tion of the tongue at 6 V and 50 c/s (Fig. 1). 


A series of likely procedures gave no response. These consisted of: HCI at 
pH 2 and 3 on the tongue; sodium acetate 100-200-300 m-equiv/l. on the 
tongue; chloromycetin powder (very bitter) on the tongue; faradic stimulation 
of the buceal mucosa; excitation of chewing by inflating a rubber object in 
the sheep’s mouth; ruminal puncture, inflation and deflation; 150 ml. of 
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0-1 n-HCl injected into the rumen; stimulation of the distal end of the cut 
vagus; faradic stimulation of the ruminal mucosa; acetylcholine 1:50,000 
injected into the coeliac axis or the superior mesenteric artery so as to produce 
violent ruminal and intestinal movements. 


(IV) Secretion pressure 

When a vertical tube was connected to the cannula and Moussu’s nerve was 
stimulated, it was found that the column rose to 136 cm of saliva (100 mm Hg) 
while the blood pressure (mean of the Hg manometer) was 88 mm Hg. From 
this level the column suddenly receded and a sialoma rapidly developed in the 
upper portion of the gland. On two other occasions similar pressures were 
developed (108 and 60 mm Hg cannula pressure, and 75 and 58 mm Hg blood 
pressure respectively). That secretion finally stopped because the blood vessels 
of the acini were compressed by the expansion of the acini was indicated by 


- two lines of evidence. 


Stimulation of Moussu’s nerve was discontinued at various levels of secretory 
pressure and noradrenaline was injected into the carotid artery. The ‘gush’ 
effect was obtained until the intracannular pressure was approximately at the 
level of arterial pressure: at higher levels it did not occur but stimulation of 
the cervical sympathetic still gave a rise in the cannula, e.g. with cannula 
pressure 73 mm Hg and blood pressure 60 mm Hg. Evidently intra-arterial 
noradrenaline did not reach the acini, while they were still capable of re- 
sponding to the chemical mediator liberated from nerve endings in their 
neighbourhood. At this stage it was also shown that while stimulation of 
Moussu’s nerve still gave a rise of pressure, intra-arterial acetylcholine was 
ineffective, e.g. with blood pressure 70 mm Hg and secretory pressure 85 mm 
Hg. For this demonstration it was important that the sensitivity of the gland 
_ to acetylcholine should be tested. In one sheep the gland, at normal secretory 
pressure, responded to 1 ml. of 1:4x10’ of acetylcholine injected intra- 
arterially in 47sec. This gland responded to intra-arterial acetylcholine 
1:4 x 10* with blood pressure 74 mm Hg and cannula pressure 85 mm Hg, but 
not to 1:5 x 10° or 1:2 x 10’ at these pressures. 

A second line of approach employed a technique developed in Prof. E. B. 
Verney’s laboratory at Cambridge for the purpose of marking vascular areas 
in the brain. . 

Winsor and Newton’s artist’s water colour ‘Cadmium Yellow’ was ground 
in normal saline in the proportion of 1 wet colour to 4 of normal saline. When 
fully mixed it was centrifuged for a short period (1 min-centrifuge rose to 
1000 r.p.m.); the supernatant fluid then showed fine particles 1-2 in diameter 
in even dispersion and Brownian movement. Mixed with blood this dispersion 
did not aggregate, lake or cause rouleaux formation. In transmitted light the 
granules appeared dark, by reflected light bright yellow. 
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It has been found by Verney and one of us (D. A. D.) that when short 
injections of this material were made into the carotid artery of a dog under 
pentobarbitone anaesthesia, retinoscopy revealed that the dispersion swept 
rapidly through the retinal vessels and cleared immediately. Further, if this 
material (in a concentration of 20%, solids in 3% gum-acacia saline) were 
infused for 6 sec at a rate of 0-6 ml./sec into a common carotid artery there was 
no disturbance of the systemic arterial pressure. If the animal were thereupon 
suddenly killed and sections made of the celloidin-embedded brain, the dis- 
persion was found in the cerebral capillaries. If, on the other hand, the animal 
were killed 8 sec after the end of the infusion, the brain was found to be free 
of dispersion, and particles could then be seen in sections of the lungs. This 
dispersion would therefore appear to be a relatively inert marker of capillary 

For the present purpose the parotid gland was prepared with vascular 
isolation. Then stimulation of the secretomotor nerve was used to cause the 
pressure in the duct attached to a mercury manometer to rise above the 
arterial blood pressure. 10 ml. of cadmium yellow dispersion was then injected 
into the carotid artery in approximately 20-30 sec, at which time the venous 
outfiow from the gland was heavily marked by the yellow material. The vein, 


artery and duct were then clamped and tied, and the gland was placed in 20% 


formalin in aleohol. After fixing for 48 hr the tissues were prepared for frozen 
sections. Control preparations were made in a similar manner except that the 
secretory pressure was not raised. | Buss 

The results are illustrated in Pl. 1. Whereas the normal gland showed an 
extensive filling of a profuse capillary vasculature, the gland with high secretory 
pressure showed practically no injection of periacinar vessels, many of which 
however contained blood corpuscles. Such trapping of corpuscles may occur | 
in the capillaries of a vasculature subjected to an ambient pressure greater 
than the arterial blood pressure (Wright, 1938). In both circumstances the 
vessels in the interlobular tissue were filled with the dispersion. 

Some notion of the extent of closure of the vasculature in the gland with a 
secretory pressure higher than blood pressure was obtained by measuring the 
outflow from a gland under stimulation with and without raised pressure. 
With a blood pressure of 33 mm Hg and an unimpeded salivary outflow the 
venous outflow was 13 ml./min; when the secretory. outflow was against a 
pressure of 48 mm Hg and the blood pressure was 40 mm Hg the venous out- 
flow was 5 ml./min. Barcroft (1908) showed that ligature of Wharton’s duct 
greatly reduced or abolished the increased blood flow caused by chorda 
tympani stimulation. 

That the intralobular tissues can support high pressures was shown by 
having a 120 cm column of Ringer-Tyrode solution in a 3 mm glass tube con- 


hected to a fine hypodermic needle by a clipped rubber connexion: when the 
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needle tip was placed in subcutaneous tissue and the clip released the column 
fell steadily to 8 om with obvious distension and oedema of the tissue. On 
replenishing the tube and placing the tip of the needle in interlobular con- 
nective tissue and releasing the clip the column again fell steadily to 15 cm. 
The interlobular tissue became distended and the lobular parenchyma was 
thereby defined. On refilling the tube once more and placing the tip in one of 
the lobules made obvious by the previous experiment the column was“mmain- 
tained, falling only a few centimetres in a period of 5 min. 


SUMMARY 
The parotid gland of the sheep has been investigated and the following results 
obtained : 

(1) Basal secretion. After both cranial and sympathetic neurotomy the 
gland continues to secrete. No stimulus for this secretion has been found. 

(2) Parasympathetic effects. It has been confirmed that the secretomotor 
nerve reaches the gland via the buccal branch of the Vth cranial nerve 
(Moussu, 1888). Contrary to Eckhard (1893), section of this nerve reduces 
the flow of secretion. The rate of secretion under stimulation is a function of 
the blood flow through the gland. The reduction of secretomotor effect by 
simultaneous stimulation of the sympathetic is associated with a reduction in 
blood flow. 

(3) Sympathetic effects. Section of the cervical sympathetic trunk has no 
effect upon basal or secretomotor secretion. Brief (30 sec) stimulation of the 
cervical sympathetic causes a transient increase of rate for 8-40 drops. A com- 
pensatory decrease in rate follows. It was confirmed that this effect involved 
contractile elements in the gland, and that the rate of water transfer to the 
ductules was unchanged. It was shown that the stimulation caused the 
electrolyte composition of the saliva to change. Prolonged stimulation 
(10 min) caused a reduction of saliva formation. 

(4) Reflex effects. In the circumstances of these experiments only stimula- 
tion of the central end of the vagus and asphyxia regularly produced increased 
secretion. | 

(5) Secretion pressure. Secretory pressure can rise above blood pressure. 
It has been shown that in these circumstances the flow of blood in the periacinar 
capillaries virtually ceases. 


This work was aided by a grant from the National Health and Medical Research Council. 
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EXPLANATION OF PLATE 


A. Photomicrograph of section (404 thick) of parotid gland with vessels injected with cadmium 
yellow and tissues stained with eosin. Blood pressure at time of injection 25 mm Hg, cannula 

* ‘pressure nil, Full injection of a rich capillary network between acini and around an intra- 
lobular duct is shown. The section was photographed on Kodachrome using combined epi- 
and diascopic illumination with a green filter in the diascopic beam ; injected vessels appear 
bright. Magnification 180. 

B. Photomicrograph of section (40; thick) of parotid gland with vessels injected with cadmium 
yellow and tissues stained with eosin. Blood pressure at time of injection 35 mm Hg, and 
cannula pressure 45 mm Hg. An intralobular artery is shown fully injected but only occasional 
periacinar capillaries are filled. The section was photographed as for PI. A. 
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REFLEX REBOUND BY POST-TETANIC POTENTIATION. 
TEMPORAL SUMMATION—SPASTICITY 


By RAGNAR GRANIT | 
From the Nobel Institute for Neurophysiology, Stockholm 60, Sweden 


(Received 25 April 1955) 


The two phenomena of post-tetanic potentiation and reflex rebound are in this 
paper brought to a common focus created by the general working hypothesis 
that under certain circumstances they would have a common denominator in 
temporal summation. It is assumed that post-tetanic potentiation is a basic, 
if not the basic, process in temporal summation. If this be true, it should be 
possible to design an experiment in which rebound is produced by post-tetanic 
potentiation. The paper reports such an experiment. 

Before stating the problem it is necessary to recall briefly what is meant by 
post-tetanic potentiation and by reflex rebound. 

Post-tetanic potentiation is a state of residual presynaptic facilitation which 
is common to most synaptic junctions so far examined. In muscle, facilitatory 


after-effects of a single shock or a tetanus have been known from the early - 
days of electrophysiology, and this problem was one of the main themes of © 


Lucas’s classical monograph (1917). In 1937-41 Feng and his collaborators 
(Feng, 1937, 1941; Feng, Lee, Meng & Wang, 1938) gave a particularly lucid 
account of the neuro-myal potentiation, and separated it from purely muscular 
effects (cf. Brown & v. Euler, 1938). Larrabee & Bronk (1947) described post- 
tetanic facilitation in the sympathetic neuro-neural junction in terms similar 
to those of Feng, and Lloyd (1949) found it in the monosynaptic path to the 
ventral horn cells. Eccles (1953) has summarized later developments. Potentia- 
tion in the neuro-myal junction has since been studied in the motor end-plate 
by Castillo & Katz (1954a, b). There, just as in sympathetic ganglia (Larrabee 
& Bronk, 1947; Job & Lundberg, 1953), it is seen even after a single impulse, 
which need not set up any change in the end-plate potential (Castillo & Katz, 
19544), so that the process probably operates preterminally above the site of 
release of acetylcholine (cf. also Lloyd, 1949; discussion by Eccles, 1953; and 
a recent summary by Fatt, 1954). 
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With the neuro-neural junctions it has been established that the residual 
facilitation following a tetanus is restricted to the synapses tetanized (Larrabee 
& Bronk, 1947; Lloyd, 1949; Strém, 1951; Eccles, 1953) and rigorous tests 
described in recent papers (Jefferson & Benson, 1953; Job & Lundberg, 1953; 
and particularly Beswick & Evanson, 1955) have supported this view. The 
potentiation is also present in polysynaptic pathways (Lloyd, 1949; Hagbarth 
& Naess, 1950; Eocles, 1953), but all workers find it far more potent in the 
monosynaptic, @ fact which may be partly a matter of accessibility to testing. 
In complex pathways a multitude of factors may also combine to obscure it. 
Within limits post-tetanic potentiation is favoured by a high frequency and a 
long duration of stimulation. 

Reflex rebound is a technical term for a centrally determined rise of excit- 
ability after cessation of stimulation and need not be a single homogeneous 
process. Sherrington (1913) pointed out that electrical stimulation of a mixed 
nerve with a dominant inhibitory effect often led to rebound and, on the whole, 
seems to have been inclined to regard this post-inhibitory rebound as a 
neurological entity in its own right. The diagram of Fig. 1a illustrates one 
widely accepted explanation of post-inhibitory rebound (see, for example, 
Forbes, 1922). It is seen that, because of the assumed properties of excitation 
E and inhibition J, algebraical summation will lead to inhibition during 
stimulation followed by post-inhibitory rebound of excitation afterwards. 
This raises the question of how and where excitation was concealed during 
stimulation and presupposes excitatory after-discharge stored in specific — 
neurones or ‘delay paths’ (Forbes, 1922) for delivery at the appropriate 
moment. For the retinal off-effect different views have been proposed 
(Granit, 1955). 

On the hypothesis to be examined below, residual facilitation stored pre- 
synaptically in the junctions tetanized should also lead to rebound. An 
attractive consequence is that, with the site of ‘storage’ defined, one of the 
complex phenomena of rebound would have been reduced to a well-known 
process accessible to analysis in precise terms. As stated above, rebound is 
merely a descriptive term which may cover a variety of phenomena. It will 
therefore be necessary to select specific cases and test them with the aid of 
reasonable working hypotheses, such as the one suggested. 

In the case to be examined, stretch of a leg extensor provides the mixed 
input of impulses causing inhibition and excitation of the muscle itself. All 
the sensory endings causing inhibition have polysynaptic connexions, but 
among those causing excitation are the muscle spindle’s nuclear bag endings 
(annulospiral, primary endings, or A2) whose monosynaptic arcs can so easily 
be potentiated by tetanization of the muscle nerve (for a review, see Granit, 
1955). Cessation of stretch should therefore lead to post-tetanic residual 


facilitation of the monosynaptic excitatory pathway, rising and falling along 
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a characteristic curve, measurable by monosynaptic testing. This effect should 
be enhanced after a tetanus to the muscle nerve. 


Excited spindle afferents may respond to stretch by frequencies as high as 300 per sec (Eldred, 
Granit & Merton, 1953). Post-tetanic potentiation is obtained at very much lower frequencies. 
By electrical stimulation the optimum potentiation requires 10-12 sec of tetanization at a rate of 
280-300 per sec (Lloyd, 1949). 


METHODS 


The commonest preparation was the decerebrate cat,* but decerebrate-low spinal cats and some 
cats under pentobarbitone were also used. In the de-efferented preparations all ventral roots 
from L5 or L6 to the end of the cord were cut. When some y efferent excitation of the spindle was 
desired, L6 and L7 were left intact, the monosynaptic test response being recorded from 81. The 
spinal cord was covered by warm paraffin in the customary way. Often a muscle spindle afferent 
fibre was isolated in a root to serve as frequency indicator for the spindle discharge. Fig. 16 
illustrates the arrangement for monosynaptic testing. In the hind-leg, which was denervated 


Myograph 
Fig. 1. ,diagram illustrating algebraical summation of excitation E and inhibition J leading to 
rebound of # after cessation of repetitive stimulation as indicated in the text. 6, afferent 
path from gastrocnemius lateralis, GL, innervating soleus and lateral head of gastrocnemius 
muscle, and from gastrocnemius medialis, GM, innervating medial head. Pairs of arrows 
pointing outwards and placed on cut ventral root show site of recording of monosynaptic 
test response. Sites of stimulation: arrows point inwards. 


except for the nerve to the ankle extensors, stimulating electrodes were placed on this nerve 
(GL+GM) and the muscle was attached to a strain gauge isometric myograph. Alternatively, 
stimulating electrodes could be placed on either branch (GL or GM in the diagram). if either or 
both branches were cut, this will be specifically mentioned in the text. The diagram illustrates 
the de-efferented preparation with recording electrodes on the cut ventral root. In a considerable 
number of experiments the soleus muscle was separated from the gastrocnemius. 

The equipment used in this work was the same as that used by Eldred et al. (1953). New features 
were circuits for selecting predetermined periods of stimulation at desired frequencies. For 
tetanization the standard frequency was 420 shocks/sec. Testing was generally carried out at 
2-7 sec intervals. By means of a switchboard any one of the four cathode-ray beams could be 


* Decerebration generally took place in thiogenal anaesthesia which is short-lasting. This 
substance was kindly placed at my disposal by the makers (Merck, Darmstadt.) 
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_ which was tetanized. Typical results before and after severance of the muscle 


- been found to last longer with slack muscles than with muscles under some 
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selected to display any of the following events: monosynaptic test response, discharge from 
indicator muscle spindle, isometric myogram, time. Generally two beams were run alongside the 
film and two swept across it at the 2-7 sec interval (see Fig. 7). 

The monosynaptic test for facilitation is based on the activation of neurones from the subliminal 
fringe; if many neurones are active, so that the fringe is small, there can be but a small increase of 
the number of recruited neurones above that of the control. For this reason it is necessary to 
supplement monosynaptic testing by other methods. The one used consisted in isolation of single 
fibres from the cut ventral roots in order to study their reflex activity under the conditions chosen. 
All experiments with single-fibre reflexes in the manner of Granit & Striém (1951) were carried out 
in de-efferented limbs. 

The indicator’ spindle need not be representative of all the spindles in the muscle, but it does 
show whether the muscle receptors are in good condition during the whole experiment; it gives 
an indication of how and when the spindles come in after a tetanus to the muscle nerve (but anti- 
dromic for the spindles), and how this moment reiates to the curve for post-tetanic potentiation. 
Also, if L6 and L7 are left intact, the existence of y efferent excitation to the spindle and its 
disappearance after de-efferentation can be demonstrated in qualitative terms. Since 81 had to 
be used for monosynaptic testing and so much of the important ventral root supply for the ankle 
extensors is represented in this root (Sherrington, 1892; Jefferson, 1954) really high spindle 
excitation could never be contrasted with the state of no excitation, For tetanization, stimuli 
just above the threshold of the large muscular afferent fibres (and the « motor fibres) have to be 
used. Too strong shocks will stimulate the y fibres and complicate the issue. In experiments with 
tense muscles, the muscle was generally released during tetanization so as to avoid excessive 
stretch of the elastic components. 


RESULTS 
Potentiation before and after cutting the muscle nerve 
It has: been established that, with optimal frequencies, tetanization times 
beyond 10-12 sec chiefly extend the duration of the facilitatory after-effect 
(Lloyd, 1949); these results were obtained with severed muscle nerves. In the 
present work the gastrocnemius-soleus muscle remained attached to its nerve 


nerve are illustrated in Fig. 2. It is seen that the presence of active muscle has 
curtailed the duration of the potentiation (cf. Strém, 1951) even though, as in 
this ease, the muscle was slack while the experiment was carried out. There 
was often a rise in the control monosynaptic response after section of the muscle 
nerves, but the particular experiment illustrated was chosen because this rise 
happened to be negligible. Potentiation times of the order described by 
previous workers were but rarely obtained before the nerve was severed. 

Almost a corollary of this fact is that, without exception, potentiation has 


initial tension (see Fig. 6).' An increase of muscle tension ‘augments the 
inhibitory inflow from muscle end-organs (Granit, 1950, since repeatedly 
confirmed), and so it seems reasonable to ascribe the curtailment of the 
potentiation period by impulses from muscular sensory endings to suppression 
of the number of subliminal-fringe neurones which by tetanization can be 


brought to liminal values. There are also inhibitory impulses from muscle 
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spindles (Hunt, 1953) which in a slack muscle, in good preparations, maintain 
& spontaneous discharge, particularly in the soleus. Thus, since post-tetanic 
potentiation is a presynaptic effect, which is tested with the aid of a post- 
synaptic reflex volley, part of the effect may well be concealed for purely 
experimental reasons (cf. below). 


Size of response 
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Fig. 2. Decerebrate cat, de-efferented hind-limb. Upper set of curves refer to tetanization for 
2-1 sec, lower to tetanization for 10 sec, both at a rate of 420 shocks/sec. In this and successive 
figures zero time is at cessation of tetanization and ordinates show relative size of mono- 
synaptic test reflex with control before tetanization marked by horizontal line. Ordinates in 
all figures are mm deflexion on film. The lines drawn in full (filled circles) show the course of 
post-tetanic potentiation from control line drawn in full and refer to stimulation of intact 
gastrocnemius-soleus nerves (muscle slack). The set of curves (open circles) in broken lines 
were obtained 15-30 min after severance of the muscle nerves which led to rise of control 
level to that of broken horizontals. 


Tetanizing the nerve with its muscle attached made it possible to observe 
simultaneously the potentiation in both muscle and spinal cord. In Fig. 3 
the myographic and monosynaptic responses are illustrated together. Both are 
potentiated in a roughly parallel manner and this, in fact, is very often observed. 
The arrangement is convenient for the analysis of agents which remove or 
emphasize potentiation and has been used to demonstrate (Granit, unpublished) 
that both neuro-myal and neuro-neural potentiation are depressed, e.g. by 
the anti-spastic drug myanesin (Berger & Bradley, 1946), tried because of the 
general theory that post-tetanic potentiation is an essential factor in temporal 
summation. 

Addition and facilitation of potentiations 

Since, in these experiments, afferent impulses set up by muscle stretch 
followed tetanization of the nerve, it was an important preliminary to find out 
what happened when brief potentiations were added by themselves, the muscle 
being kept slack. The control potentiation curve of Fig. 4 (extreme left) is an — 
average of the four curves, obtained after 2-1 sec tetanizations, which were 
interposed between the individual experiments illustrated in the figure. This 
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control curve serves as a base-line for three additional 2-1 sec tetanizations 
(black oblongs) superimposed, one at a time, upon the potentiation due to the 
first one. As was expected, there is a further rise in the early portion of each 
potentiation curve which diminishes with distance from the first tetanization. 
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Fig. 3. Decerebrate cat. Gastrocnemius-soleus together at 175 g initial tension. Myogram on 
upper beam and monosynaptic test response on lower beam. C, control twitch before tetani- 
zation giving 656 g tension. 7’, tetanization at a rate of 420 shocks/sec for 2-1 sec during which 
time the muscle was released. P, post-tetanic period. Tests at intervals indicated in sec 
alongside records. In the last record root response exchanged for time in 100 o/s. Note 
roughly parallel behaviour of potentiation in neuro-myal and neuro-neural junction. 


Size of response 


Fig. 4. Decerebrate cat. All sacral ventral roots and L6 severed. Some spindle excitation from 
L7. Test response from $1, control being zero. Gastrocnemius-soleus together. Muscle slack. 
Tetanic stimulations for 2-1 sec at a rate of 420 shocks/sec. Small filled circles (curve, extreme 
left) : averages of four post-tetanic potentiations, serving as control for three later experiments 
(open circles, half-filled, and large filled circles), identical, but with tetanization periods placed 
as indicated by black oblongs from which the three curves are rising. The broken line 
represents the potentiation curve for a 10 sec tetanus at same rate of stimulation. 
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More striking, however, is the prolongation of the state of potentiation. The 
second test tetanization occupies an optimum position. Two 2-1 sec tetaniza- 
tions 16-6 sec apart thus produced an effect lasting roughly as long as the 
effect of one single, uninterrupted 10 sec tetanus (broken line). This experi- 
ment is therefore a demonstration of temporal summation of two states of 
presynaptic residual facilitation. (The advantage of using brief tetanizations 
is that the experiment can be repeated several times under a variety of 
conditions. ) 

It is concluded from the experiments of these two sections that in tetaniza- 
tion with the muscle-nerve intact there may be a considerable margin of con- 
cealed post-tetanic residual facilitation, the course of which is not deducible 
from the curve obtained. At least some of it can be revealed by an additional 
tetanization. In ‘natural potentiations’ this state of affairs would be the 
normal one. Tetanization of cut nerves is an artificial situation. It does, how- 
ever, give a good indication of the range of the residual effect, particularly 
with regard to its duration. 

The facilitation of potentiation, demonstrated above, is of considerable 
interest. Facilitations are generally regarded as effects of ‘convergence’ 
leading to spatial summation maintained by brief synaptic detonations. 
Clearly, however, presynaptic temporal summation is equally important, and 
much work remains to be done in order to separate the two. 


: Stretch during potentiation 


The experiment of Fig. 5 is directly connected with that of Fig. 4. Both 
show the ‘base-line’ potentiation to a 2-1 sec tetanus and in Fig. 5 there is the 
curve illustrating the effect of one additional 2-1 sec tetanus. The experiment 
was then repeated, but this time the muscle was stretched to a tension of 105 g 
for the period marked by the oblong. There was inhibition during the stretch 
and potentiation afterwards rising as a rebound to coincide with the curve for 
the additional 2-1 sec potentiation. The monosynaptic control was around zero 
and muscle stretch by itself did not succeed in causing rebound above that 
value. An indicator spindle was used (see legend). As to the inhibition during 
stretch, see below (Fig. 10). 

The question of whether release of a tense muscle leads to a rebound exceed- 
ing the value obtained with it slack is answered by Fig. 6. The potentiation 
control of the slack muscle is lying above the one for 135 g tension, a very 
regular finding. Two experiments on release of this tension, at the moments 
marked by arrows, showed rebound of the potentiation to values greatly 
exceeding those obtained with zero tension throughout. Thus release does not 
merely lead to readjustment of motoneurone excitability to the level charac- 
teristic of zero tension but to a true rebound, probably based on concealed 
residual facilitation. In this case, too, stretch by itself did not elicit rebound. 
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Some of the first experiments were carried out with animals under pento- 
barbitone and good rebound was found in them also, though, by comparison 
with decerebrate preparations, more tension seemed to be needed for the 
effect. The records of Fig. 7 are from such an experiment. At that time tension 
was adjusted by shifting the myograph stand and not, as later, by pulling up 
the myograph against a stopper. Fig. 7 shows the three records, myographic, 
monosynaptic response and indicator spindle discharge. The latter, for fre- 
quency counts, was switched over to the stationary beam run alongside the 


Size of response 
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Fig. 6. 


Fig. 5. Decerebrate cat. Sacral ventral roots cut, thus spindle bias from L6 and L7, test response 
from $1, control being zero. Tetanization at a rate of 420 shocks/sec for 2-1 sec. Gastro- 
cnemius-soleus together. Small filled circles: averages of three potentiations with muscle 
slack. Small open circles: effect of superimposed tetanization for 2-1 sec during black oblong. 
Large filled circles: muscle at 105 g tension during time marked by white oblong. Curve in 
thick line also traces rebound of monosynaptic test response after release of tension. Broken 
line: course of post-tetanic potentiation after a 10 sec stimulation at a rate of 420 shocks/sec. 
First V, marked C, at moment when indicator spindle, silenced by tetanization, gradually 
begins to respond ; second V, marked M, same for spindle silenced at release of muscle tension. 
Basic rhythm of indicator spindle: 33 spikes per second. 


Fig. 6. Decerebrate cat. De-efferented from ventral root L6 to end of cord. L7 used for mono- 
synaptic testing, the control being at practically zero. Gast ius-soleus together. 
Tetanization for 10 sec at a rate of 420 shocks/sec. Small open circles: muscle slack through- 
out. Small filled circles: muscle at 135 g tension. Base-line frequency of indicator spindle 
at 37 spikes per sec in the slack muscle; after potentiation it is at zero frequency and begins 
gradually to discharge at mark V. Both curves based on averages of two experiments. The 
curves in thick lines show two single experiments on release of muscle tension (135 g) at 
arrow; note rebound of monosynaptic test response. 


film, but in this case it is on the sweep to display tetanization (7). The test 
reflex was recorded at a sensitivity higher than usual. By 37-8 sec the potentia- 
tion had sunk to the level indicated (lower left record). Pull on the muscle 
from post-tetanic time 40-5 to about 50 sec led to very good rebound, though 
short-lasting compared with the effects seen in the best decerebrate animals. 
By itself the same amount of stretch did not cause any rebound. 

The amount of rebound shown by monosynaptic testing depends largely 
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Fig. 7. Cat under pentobarbitone. Only 81 cut for monosynaptic test response. Gastrocnemius- 
soleus together. C1: slack muscle so that only top of contraction visible on myograph line 
M; time 1000 c/s and small monosynaptic response succeeded by secondary volley caused by 
muscle contraction. C2: indicator spindle and monosynaptic control as above. 7'1: tetanus, 
indicated by spindle firing to shock (note artifacts) and transitory muscle contraction ; interval 
T 1-T 2 is 2-7 sec, maintained during testing. 7'3, later. First test after 10 sec of tetanization 
(P, potentiation period) is at time 2-7 sec, the following ones are also marked by their post- 
tetanic times in sec. When at time 37-8 sec the monosynaptic control had diminished to 
value shown, tension was adjusted manually between sweeps at 40-5 sec (which fell on the 
rising phase) and 43-2 sec; the record is uncut here to show the tension change. Final tension 
value is 550 g, the animal failing to give rebound with lower tensions. The record is also uncut 
between sweeps at 48-6 and 51-3 sec to show cessation of stretch. Note gradually rising 
rebound after release, not visible immediately (51-3). 
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upon the number of subliminal-fringe neurones which are near enough threshold 
to make up @ mobile and sensitive indicator. Thus, for instance, anaemic 
decerebration with its characteristic pillar-like rigidity maintains most of the 
would-be indicator motor neurones above threshold and so, by this index, 
there cannot be significant rebound to post-tetanic stretch. One such animal 
was afterwards spinalized. The monosynaptic control fell to one-tenth of its 
pre-spinalization size and a large rebound was recorded to a 12 sec post- 
tetanic pull of 175g. This effect was still present after de-efferentation. (Only 
two such animals were studied.) 

The standard type of experiment by means of which comparisons of effects 
of tension, de-efferentation, etc., were made is reproduced in Fig. 8. The 
experiment consisted of (I) control potentiation following a 2-1 sec tetanus, 
(II) the same tetanization with stretch superimposed after 4-6 sweeps, and 
(II) stretch by itself. It is fully explained in the legend. 

In the best preparations 75-100 g tension gave a good rebound tending to 
outlast the potentiation control by roughly 0-5-1 min. This was often followed 
by an asymptotic fall that made it necessary to wait for 2-3 more minutes 
before exposing the nerve to a fresh 2-1 sec tetanus. A stronger pull did not 
augment this effect very much, but tended to prolong it. Even when the 
amount of rebound was small, the prolongation could always be demonstrated. 
It was sometimes definitely visible for 3-4 min. During the onset of stretch 
to a predetermined tension-value, a suitably placed early test response was 
enhanced (cf. Granit, 1950); but, later in stretch, more often than not, test 
reflexes were depressed below the value of the post-tetanic control by auto- 
genetic inhibition from the muscle (Figs. 5, 6, 8 and 9). 

Above 200 g tension there was usually some rebound after muscle stretch 
by itself (without previous tetanization). As tension was further increased the 
effect of ‘muscle by itself’ became relatively more prominent and led to mono- 
synaptic facilitations lasting for 3-4 min. Figs. 9 and 10 show two cases in 
which there was rebound to stretch by itself, an effect augmented by previous 
tetanization. Fig. 10 also demonstrates that depression of the test response 
during stretch is not necessary for the effect (see Discussion). 


The behaviour of the indicator spindle shows that tetanization of the muscle nerve for 2-1 sec 
is regularly followed by a pause in the spindle discharge, due to various factors such as antidromic 
stimulation, sudden decrease of a load and length (Matthews, 1933), etc. This, with different 
spindles, lasted from 8 to 20 sec. The beginning of gradual recovery has been marked by a V in 
Figs. 5and6, In Fig. 10, from a very active preparation with a small tendon jerk despite severance 
of S 1, the recovery was fast, as is to be expected from excited spindles. There was always a striking 
difference in spindle behaviour to stretch by itself as compared with stretch after tetanization. 
The (antidromically) tetanized spindle was not capable of delivering as high frequencies to stretch 
as it did with stretch by itself (see legend of Fig. 9). In both cases stretch was followed by a silent 
period, prolonged in the tetanized spindle which also recovered more slowly. The pause was often 
longer than in Fig. 10. Thus potentiation has nothing whatever to do with re-stimulation of the 
motoneurone by muscular afferents and may, indeed, be improved by spindle silence. 
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Fig. 8. Decerebrate cat with some spindle excitation from L6 and L7, the sacral roots having 


beep cut. Gast ius-soleus together. M, myographic response of muscle at zero 
tension. Film speed too slow to show (in reproduction) records on B. The monosynaptic test 
response is swept across the film at 2-7 sec intervals, two of which (C—7' and 18-9-21-6) are 
shown at original film distance. The rest of the records cut out at the times after tetanization 


(7) marked in sec during P, the potentiation period. I, control (C) followed by tetanization - 


(7’) at a rate of 500 shocks/sec for 2-1 sec, succeeded by tests showing potentiation. II, same, 
but with stretch of 210 g put in at time 18-9 sec and released at 27-0 sec. Note rebound of 
monosynaptic facilitation. III, control muscle stretch alone without previous potentiation. 
Time in 1000 c/s occasionally left in the records and position of shock marked by arrow in 
first control C, Note also potentiation of muscular response alongside records. 
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Many experiments began with ventral roots L6 and L7 intact so that some excitation of y fibres 
was present, generally modest because the main supply of the ankle extensors is from 8 1. Section 
of the two remaining roots followed later. Sometimes this led to a slight decrease of rebound, in 
other cases a definite effect of de-efferentation could not be demonstrated. 

_ Section of § 1 for the monosynaptic test presupposes a considerable reduction of y activity, but 
it does not explain the relatively insignificant effect of y fibres on the amount of rebound. Enough 
y activity remains to be clearly reflected in the behaviour of an indicator spindle before and after 
root section. However, the muscle afferents give complex effects. Their activity, as shown above, 
leads to curtailment of potentiation. Yet, on the other hand, their activity during stretch sets up 
the state of residual facilitation that is so easily demonstrated by raising muscle tension by the 
necessary amount (Figs. 9, 10). The sum total of these opposing influences, in the present type of 
experiment, cannot be predicted. Similar considerations apply to the effect of muscle tension in a 
preparation under some y excitation. The final rate of spindle discharge in a 10~12 sec period of 
pull need ‘not then differ very much at different lengths (tensions), a fact which explains what 
Sherrington (1909) called * plasticity’ in the decerebrate preparation. From the point of view of 
tetanization, spindle discharge frequencies will be in the lower range and so, for the residual 
facilitation, duration of pull, within limits, will be relatively more important than amount of 
tension. 
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Fig. 9. Decerebrate cat. All sacral ventral roots and L6 severed. Some spindle excitation from 
L7. Test response from $1. Gastr ius-soleus together. Tetanic stimulation for 2-1 sec 


at a rate of 420 shocks/sec. Small filled circles: potentiation control with slack muscle. 
Large filled circles: potentiation with muscle tension raised to 210 g for period marked by 
oblong. Large open circles: muscle raised to same amount of tension for same period but 
without previous tetanization. Spindle indicator at an average basic frequency of ]6 spikes/sec. 
In stretch during potentiation it stabilized to an adapted value around 28 spikes/sec. When 
muscle was pulled without previous tetanization the spindle discharge stabilized to an 
adapted value around 40 spikes/sec. 

Fig. 10. Decerebrate cat with some spindle excitation from L7 and L6 and small tendon jerk 
left in gastr ius-soleus. All sacral roots cut. Monosynaptic test response from $1 
(curves drawn in full) and spindle discharge frequency (im broken lines). Small open circles: 
control potentiation curve after 2-1 sec tetanus at a rate of 420 spikes/sec. Small filled circles: 
potentiation curve after similar tetanization, but this time a stretch of 350 g was applied 
during time marked by oblong. Note initial facilitation and rebound. Hialf-filled circles: 
control stretch alone without potentiation by tetanus. Note initial facilitation and rebound. 
Ordinates on the right show frequency of indicator spindle in spikes per sec, the basic fre- 
quency being around 25 spikes/sec. Broken line on extreme left traces frequency of indicator 
spindle after tetanization. The curve in broken lines starting with very high spindle dis- 
charge frequencies during stretch, stabilizing around 50 spikes/sec, shows rapid fall in early 
potentiation period after stretch and characteristic slow recovery. Spindle discharge fre- 
quencies belong to experiment presented by filled circles. 
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So far it has been shown that cessation of muscle stretch restitutes a con- 
cealed potentiation or, vice versa, that potentiation revives a long-lasting 
residual facilitation to pull, which without it would have been subthreshold or 
concealed. There has not been any rebound exceeding that amount and that 
duration of potentiation which were to be expected from the observations 
with severed nerves. These, as it were, set the technically measurable limit for 
the residual presynaptic effect. On account of the slow progressive changes 
in the level of the monosynaptic control and in the potentiation curve itself, 
it is not possible to reach greater-precision in comparing results before and 
after nerve section (see Fig..2) than is implied in the preceding statement. 
The assumption that cessation of stretch does something to the motoneurone 
that cannot be fully accounted for by post-tetanic residual facilitation is at the 
moment superfluous. There is also a characteristic property of post-tetanic 
potentiation that can be brought to bear upon this argument. This is its 
limitation to the synapses of the nerve fibres which are tetanized, mentioned 
in the introduction. 

In Fig. 11 the nerve to the lateral head of gastrocnemius +soleus (GL of 
Fig. 1) was cut and control potentiations established both for it and the 
medial intact head (GM), each tested individually. In both cases stretch of the 
muscle (gastrocnemius medialis) has been superimposed on potentiation in 
precisely the same way. The experiment (upper) with the intact muscle-nerve 
is thus comparable to the previous ones and differs from them merely by the 
use of about half the afferent and efferent supply. The result was a rebound of 
the familiar type. When stretch was superimposed upon the potentiation 
induced by the cut synergist (lower), it caused a considerable immediate 
facilitation but no subsequent rebound. Afterwards the curve dropped along 
the values of the potentiation curve which served as control. This experiment 
was carried out on three animals, all of which behaved in the same way. The 
good synergist facilitation to stretch (Granit, 1950), seen in Fig. 11 (lower), 
showed that impulses in GM actually had a strong influence on the neurone 
pool tested from the severed GL. Nevertheless, there was little if anything to 
be seen of this facilitation in the period after stretch. Thus rebound of this 
particular type behaved like post-tetanic potentiation in that it was only seen 
in the central pathway of the fibres tetanized. 

It is concluded that the excitatory rebound to stretch described in this 
paper has shown close enough agreement with the presynaptic residual facilita- 
tion to be explicable on this basis. It sums with post-tetanic potentiation as if 
it were another post-tetanic potentiation, it rises and decays in the manner of 
such potentiations and, like the latter, is restricted to the terminals of the 
tetanized fibres. Furthermore, there is a sound experimental basis for such 
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effects in the well-known behaviour of monosynaptic potentiations from the 


large nuclear bag sensory endings of the muscle spindles which are excitatory 
n- on the motoneurone. 
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of Fig. 11. Decerebrate cat. De-efferented from L5 to end of spinal cord. Nerve to soleus and lateral 

alk head of gastrocnemius (GL) cut. Medial head of gastrocnemius (@M) at initial tension 50 g. 

ge Double line in lower record indicates that control test response was just above zero. Com- 

ate parison of the effect of 105 g stretch inserted after tetanization of intact GM (upper) with 

ng similar tetanization of cut GL (lower). Tetanization at 420 shocks/sec for 2-1 sec. Note that 

ant control potentiation (circles) from cut nerve lasted for a longer time than same from intact 

h nerve. Only when the intact nerve of the stretched muscle itself was stimulated (filled 

be. circles, upper) was there the characteristic rebound after stretch (oblong). The cut synergist 

rr), (filled circles, lower) gave good facilitation during stretch but no definite rebound above value 

yne . of the post-tetanic control curve. 

to 

his Potentiated single-fibre reflexes 

en After selecting a suitable neurone from the pool of the ankle extensors it is 
possible to repeat the experiment by monosynaptic testing, despite loss of the 

his statistical advantages of the method. It is not difficult, by splitting ventral- 

ta root filaments, to find a motoneurone which is just below threshold for the test 

s if shock, yet responds to it for some time after stretch; it also responds after 

r of tetanization, and, for a considerably longer time, when tetanization and stretch 

the are added in the manner described above. It is, however, of greater interest 


ich to use this type of experiment for testing by repeated brief stretches. This 


+ 
Vig 
i 
a 
a 
> 
4 
4 
~ 
A 
, 


46 RAGNAR GRANIT 


proposition may also be put in the following form: is it possible to make an 
individual neurone ‘spastic’ by such means? Spasticity by definition is 
ultimately based on tests which depend on muscular end organs, and in the 
last instance is always an exaggerated facilitatory stretch reflex. 

In Fig. 12 soleus has been used since it is known to give a better stretch reflex 
than gastrocnemius (Denny-Brown, 1929). A ventral-root fibre was selected 
which was silent to single stretches of the muscle at sufficiently long intervals 
(record C) but could be made to discharge a few reflex spikes to stretches 
repeated at intervals of 5-10 sec. However, the experiment. began with the 
fibre silent. GZ (see Fig. 1) was then tetanized for 2-1 sec (7'), and during 


Fig. 12.: Decerebrate cat. Ventral roots from L5 to end of spinal cord severed. Soleus muscle 
alone. Single fibre in filament of ventral horn cell responding to stretch of soleus alone but 
only after potentiation. Zero initial tension. C: control stretch before tetanization. Stopper 
placed to give tension of 175 g under pull. No reflex response in filament. 7': tetanization of 

GL for 2-1-sec at rate of 500 shocks/sec with rise of myographic response and reflex firing of 
isolated ventral horn cell efferent. P,: same stretch as above, but this time after tetanization. 
P,: same somewhat later, but myograph record now replaced by that of indicator spindle 
(lower curve, in which spikes retouched). Time, } sec at 50 c/s. 


tetanization a good reflex response appeared. After this brief tetanization the 
fibre again became silent, but some 10 sec later (in the potentiation period) 


it gave a good reflex to muscle stretch, shown as P,. At the moment of - 


stretch, potentiation was still in the increasing phase but the spindle afferents 
were depressed for a while after the tetanus. The myograph recording was then 
exchanged for the recording of discharges from the indicator spindle. This 
record (P,) represents a period combining optimally spindle recovery and 
post-tetanic potentiation, the one rising, the other falling. Stretch yields 
the two single fibre records, spindle (below) and ventral horn cell (above). 
Acceleration and cessation of spindle activity serve to indicate onset and 
cessation of stretch respectively. With longer tetanization periods high 
degrees of ‘spasticity’ could be produced in this neurone and 5-6 min of rest 
were a minimum time for restitution of the original state. It was, of course, 
a sensitive neurone selected to behave in this manner, but no selection was 
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needed for demonstrating the general principle on a smaller scale with other 
neurones from the same pool (GL). 

Stretch is a slow method of testing and presupposes recovery of the spindle 
| afferents after the (for them antidromic) tetanization. It is therefore better to 
use a 10 sec tetanization instead in order to have a post-tetanic effect of longer 
duration. This was done in the experiment illustrated in Fig. 13, with brief 
stretches repeated at intervals of 5sec. Some of the ventral root filament 


| 
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Total number of impulses 


Seconds 


Fig. 13. Decerebrate cat. De-efferented from L5 to end of spinal cord. Potentiation of single 
p. fibre stretch reflex. This fibre (ventral root filament) responded to stretch of medial head 

of gastrocnemius muscle (lateral denervated) after tetanization of the muscle nerve. No 
response to stimulation of cut GL. Stretch of 105 g, below in diagram, did not elicit reflex 
response in filament either by itself or when repeated at intervals of 5sec, nor did an inter- 
polated test shock on top of it do so. Stretches were then given at 5 sec intervals after 
tetanization for 10 sec at a rate of 420 shocks/sec. Graph illustrates rise and decay of the 
single-fibre stretch reflex in the post-tetanic period with some of the ventral root filament 
records inserted (retouched). Reflex discharge, stabilizing around 44 spikes per sec, was main- 
: tained to the end of the tetanization period, but afterwards and in between the stretches the 

cell was silent all through the potentiation period. No potentiation obtained from the cut 
GL. Time below control: } sec. 
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records are inserted in the graph against the readings, which give total number 
of impulses obtained. This is one way of plotting the result. A slightly different 
curve would have been obtained by taking the maximal motoneurone fre- 
quencies. For the same total number these were somewhat higher on the 
rising than on the falling phase of the curve. 

Later, in the same experiment, the motoneurone whose responses are shown 
in Fig. 13 became more sensitive and changed to another category of ventral 
horn cell, one which could be potentiated by stretch alone. A single stretch 
did not elicit a reflex response but left behind it a state of residual facilitation 
during which a test stretch was effective. The response rose slowly to a maxi- 
mum of three spikes per stretch and the reflex could be repeated (apparently 
indefinitely) if brief stretches were given at suitably chosen intervals (5-10 sec). 

It is concluded from these experiments that states of spasticity can be 
produced by residual facilitation. Thus the connexion between spasticity, 
rebound, residual facilitation and temporal summation can be established 
using natural stimuli. : 

DISCUSSION 

The general and basic notion behind the experiments reported has been the 
postulate that a junctional phenomenon as common, potent, and striking as 
the post-tetanic residual facilitation must play a major role in the physiology 
of the cetMral nervous system. This view was by no means foreign to Larrabee 
& Bronk (1947) and to Lloyd (1949), and led Eccles and his collaborators 
(Eccles, 1953) to experiments showing that the effects of disuse could be 
counteracted by tetanization. On the other hand, Strém (1951) did not 
succeed in demonstrating a significant physiological role for potentiation. 
Clearly, therefore, some crucial tests for the analysis of normal situations had 
to be developed, and such considerations led to the work presented above. 
From this it can be safely concluded that presynaptic residual fatilitation is a 
singularly important process in temporal summation. Incidentally, by re- 
ducing one specific case of rebound to a known process, it has removed some- 
thing of the enigma that has prevented study of these complex reflex events. 
These experiments do not exclude the possibility that other types of rebound 
may actually require inhibition as a causal factor, as has been suggested for 
the retinal off-effect (cf. Granit, 1955). 

The successful analysis of brief synaptic processes in so much important 
work within the last twenty years has perhaps led to some overemphasis on 
spatial summation. The concept arrived at, correct as far it goes, has been that 
cells are depolarized and kept active by brief detonations due to the impulse 
barrage from different sources (cf. particularly Brock, Coombs & Eccles, 1952). 
This, it has been assumed, requires constant renewal and so, in order to 
explain drawn-out states of excitation, such as those studied earlier in the 
spinal cord, e.g. by Eccles & Granit (1929), it has been found necessary to 
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re-evoke Forbes’s (1922) old concept of ‘delay paths’ (or reverberation circuits) 
which he used to explain rebound. The present experiments show that muscle 
stretch by itself, as well as afferent nerve tetanizations by synchronous shocks 
at high frequencies, ‘deposits’ a long-lasting state of presynaptic facilitation, 
the well-known post-tetanic potentiation, part of which is concealed or silent 
unless brought to light by suitable modes of testing. This residual facilitation 
provides an alternative to reverberation or, inasmuch as reverberation actually 
has been demonstrated, a supplementary factor. 

The number of impulses necessary for presynaptic residual facilitation may 
vary from junction to junction. In sympathetic ganglia a definite effect can be 
demonstrated after a single impulse (Larrabee & Bronk, 1947; Job & Lundberg, 
1953). Thus post-tetanic potentiation is not the best possible term. It merely 
expresses the fact that several impulses leave a greater change than one single 


impulse. Residual facilitation is more to the point. 


New light is thrown on spasticity in the decerebrate state when these results 
are related to the work on efferent y control of the muscle spindles, recently 
reviewed in detail by Granit (1955). In the present preparations y activity is high 
to begin with and is strongly facilitated by a variety of stimuli. The y system 
is, as it were, subject to Jacksonian release, apparently in parallel with the 
motor or « system. Thus the spindle afferents are thrown into violent activity 
on fairly slight provocation and so a physiological condition arises which is 
the very situation analysed in the present experiments. There will be periods 
of intense spindle firing leaving protracted states of residual facilitation and 
thus aggravating a condition to which concomitant «-release has also 
contributed. 

It should be realized that the analytical conditions developed in this paper 
were decided upon merely because their relative simplicity proved attractive. 
The principles, however, are general. Thus intense repetitive activation of any 
single common path receiving polysynaptic influences from different sources 
is likely to be a focal point of residual facilitation capable of mobilizing the 
neurone upon which it impinges. In the present experiments some mutual 


 ¢ancellation of polysynaptic residual inhibition and excitation has probably 
occurred. The polysynaptic residual effects will prove a more baffling problem. 


SUMMARY 


1. When the nerve to an ankle extensor (cat) is tetanized, a state of post- 
tetanic potentiation to a test shock develops in both muscle and mono- 


_ Synaptic reflex response. After severance of the muscle nerve the duration of 


reflex post-tetanic potentiation is greatly prolonged. Impulses from muscle 
afferents thus curtail the state of potentiation. In this work the effects of 
muscle tension and stretch on the potentiated monosynaptic reflexes have 
been studied. 
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2, Two brief tetani 10-20 sec apart cause a greater and more prolonged 
effect than the same two tetani given with no interval between. There is thus 
facilitation of one post-tetanic effect by a previous or conditioning tetanus, 
demonstrating a concealed component in potentiation. 

3. If muscle stretch, which by itself does not have any after-effect on the 
monosynaptic test response, is superimposed on a period of post-tetanic 
potentiation, rebound of monosynaptic facilitation occurs when the muscle is 
released. This rebound is limited to the monosynaptic pathway of the nerve 
tetanized and so is a re-activation of the concealed remainder of post-tetanic 
potentiation. 

4. Muscle stretch by itself also creates rebound, provided that a high enough 
tension is used. Thus post-tetanic potentiation reveals a rebound of facilitation 
after stretch or, vice versa, stretch reveals a concealed remainder of post- 
tetanic potentiation. The basis for this is that in both cases long trains of 
impulses have been set up in the large afferent fibres whack excite the moto- 
neurones monosynaptically. 

5. By using reflexes in single-fibre pathways of the ankle extensors, 
recorded in ventral root filaments, it is possible to prove that tetanization 
and/or stretch create a long-lasting state of post-tetanic potentiation or 
hypersensitivity to subsequent stretch reflexes. This means that single ventral 
horn cells have been made spastic by post-tetanic potentiation. 

6. The natural frequencies of the large spindle endings, particularly when 
they are excited by + efferents, are high enough to set up this state of residual 


temporal facilitation (or post-tetanic potentiation). Rebound to stretch is one 


of its consequences. 

7. The paper thus traces the known and measurable factor of post-tetanic 
potentiation in a number of protracted events, different aspects of which are 
known under descriptive terms such as temporal summation, rebound, etc. 


The expenses of this work have in part been defrayed by a grant from the Swedish Medical 
Research Council. 
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CHANGES IN THE THYROID ACTIVITY OF RATS 
EXPOSED TO COLD 


By K. BROWN-GRANT* : 


From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hospital, London, S.E. 5 


(Received 17 May 1955) 


There are numerous reports in the literature of the effects of exposure to 
reduced temperature on the thyroid gland. The majority of these have utilized 
indirect. measurements to establish the occurrence of an increase in thyroid 
activity. Recent studies in the rabbit (Brown-Grant, von Euler, Harris & 
Reichlin, 1954) have shown that the rate of release of radioactive thyroid 
hormone from the thyroid gland, a very direct index of thyroid activity, is 
increased within a few hours of exposure to cold. Similar methods for the 
study of the rate of release of radio-iodine from the thyroid of the rat have 
been described, but the effect of cold on release in this species has not been 
studied in detail previously. It was also noted in the experiments with rabbits 
that moderate degrees of cold appeared to be a more effective stimulus to the 
thyroid than severe cold, which in some instances was observed to result in a 
decrease in thyroid activity. The present paper reports direct evidence for an 
increased rate of release of thyroid hormone in rats exposed to cold and the 
inhibitory effect of severe cold in this species. 


MATERIAL AND METHODS 
Adult male rats (250-350 g body weight) from an inbred laboratory colony derived from the 
hooded Lister strain were used. The animals were reared at ordinary animal room temperature 
(approximately 20° C) and fed a pellet diet (M.R.C. diet no. 41) supplemented with kitchen scraps 
and tap water ad lib. At least 1 week before any experiment was begun, the animals were moved 
to a constant temperature room (27°C) and the scraps omitted from the diet. 

The rate of release of thyroidal radio-iodine was measured, beginning 48 hr after the sub- 
cutaneous injection of 6 uc of carrier-free radio-iodine as NaI. Counts of thyroidal radio-iodine 
content were made, usually twice daily, in unanaesthetized animals following the method of Fish, 
Carlin & Hickey (1952). The animals were immobilized in a tapered glass tube and the thyroid 
placed in a fixed geometrical relationship to a well-shielded y-sensitive Geiger-Miller tube (G 10 Pb, 
20th Century Electronics Ltd.) directly operating a type N 522 ratemeter (E. K. Cole Lid). 
Counting rates of between 20 and 30 counts/sec over a background counting rate of 0-8 count, sec 
were obtained from rats 48 hr after injection. Statistical errors of counting were between +3 


* Present address : Ministry of Supply (Medical Division), C.D.E.E., Porton, Wiltshire. 
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and +9% at the beginning and end of most experiments, and duplicate counts on the same animal 
were usually between 5 and 10% of one another. A group of twenty rate was taken at 48 hr after 
injection of "I, counted, rapidly thyroidectomized and recounted. The non-thyroidal background 
count was 74% (+ 0-8, standard error of mean (s.z.™.)) of the total counting rate at this time, and 
would be expected to be considerably lower later on during the release curve. In a group of twelve 
rats examined 24 hr after injection of "1, the non-thyroidal count was 13-5 + 1-2 (s.n.m.) % of the 
total neck count. No correction for non-thyroidal background was made, and in all experiments 
a steady exponential fall from 48 hr on was observed. The sensitivity of the apparatus was deter- 
mined by counting a group of rats, killing them and determining the thyroidal I content by 
liquid counting after dissolving in 2n-NaOH. It was found that 1 yc of ™I in the thyroid gave 
23-1 (+1-0 s.n.m, of twenty determinations) count/sec in vivo. 

In each experiment, @ group of six to eight rate was used; the counting rate at 0 hr (48 hr after 
injection) was taken as 100% and subsequent counts for each animal, after correction for isotope 
decay, were expressed as a percentage of this initial count. The group mean and the standard error 
of the mean were calculated and plotted semi-logarithmically against time. After a control period, 
the effect of exposure to different degrees of cold for 72 hr was observed (in one experiment the 


duration of exposure was 48 hr), and a final Li period after return to the constant temperature 
room completed the experiment. 


Bilateral adrenalectomy was performed ‘sistas a midline dorsal incision under sodium pento- 
barbitone anaesthesia (40 mg/kg body weight intraperitoneally). The animals were maintained 
on 0-9% saline post-operatively. ee of operation was checked by post-mortem 
dissection. 


RESULTS 


Control expervments 

In ahs constant temperature room, the animals were on a regular lighting 
schedule (lights on from 8.30 hr to 22.30 hr). During cold exposure they were 
to be in either continuous light or darkness. The effect of such changes was 
investigated. A group of seven rats (average body weight 334 +7 g, standard 
error of mean) was exposed to continuous light for 72 hr and a second group 
of 7 (330 + 6 g) to continuous darkness (except for the counting period). No 
effect on the rate of release of thyroidal radio-iodine was observed. 

The animals were moved to a different part of the building and carried 
backwards and forwards twice daily during the period of cold exposure. 
A group of eight rats (312+5 g) were submitted to this procedure and also 
exposed to cold (11 + 1° C) in a single cage as opposed to the definitive experi- 
ments in which individual cages were used. No effect on the rate of release 
was observed in this experiment. 


The effect of exposure to cold 


Five experiments were performed in which groups of six to eight rats were 
exposed to varying degrees of cold in individual cages during a release curve. 
Details of these experiments are given in Table | and are illustrated in Fig. 
1A-E. At 16° C, no increase in the rate of release was seen during the period 
of cold exposure. At 11 and 6-5° C there is an obvious increase in the rate 
of release which appears to begin within a few hours of the beginning of the 
period of cold exposure. 
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54 K. BROWN-GRANT 
TasBie 1. Details of the experiments in which normal rats were exposed to varying degrees of A 
cold. These experiments are illustrated in Fig. 1 and 
bod T Duration 
emperature 
No. of ight during cold of cold 
No. of rats in +8.E.M. exposure exposure Effect on rate 
exp. group (g) (°C) (hr) of release T 
A 8 31148 1641 72 No detectable effect 
B 6 32044 11-5405 48 Increased dec: 
C 8 31045 6-541 72 Increased acti 
D 8 254+ 6 2-0+4+0-5 72 Decreased 
8 280 + 6 0-040-5 ?Decreased thy 
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Fig. 1A-E. The effect of exposure to varying degrees of cold on the rate of release of thyroidal be |; 
481] in groups of male rate. Results expressed as described under methods. Vertical | ars Cont 
indicate + standard error of the mean. Details of these experiments are given in Tab!c |. 
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At 0° C, however, there is no indication of an increase in the rate of release, 
and in a second experiment at a low temperature (2° C) a definite inhibition 
in the rate of release was observed. 


The effect of exposure to cold in adrenalectomized rats 

The failure to elicit evidence of increased thyroid activity or the actual 
decrease produced by severe degrees of cold*may be due to these conditions 
acting as @ non-specific ‘stress’, which in general results in a decrease in 
thyroid activity (see Discussion). If this were so, even a moderate degree of 
cold might act in this way in adrenalectomized animals which are well known 
to have poor resistance to cold. 

A group of eight adrenalectomized rats (296 + 4g) was exposed to a tem- 
perature of 11 +1° C for 72 hr during a release curve. ‘As shown in Fig. 2, a 
decrease in the rate of release of "I from the thyroid was produced. 


} | 
3 50 
25 4 
0 100 cae 200 280 


Fig. 2. The effect of exposure to cold (11+ 1° C) on the rate of release of thyroidal ™I 
in adrenalectomized rats. (Compare Fig. 1B.) 


DISCUSSION 
Indirect evidence that thyroid activity is increased in the cold, and that the 
_ probable mechanism is an increase in pituitary thyrotrophic hormone secretion 
has been available for many years. Stevens, D’Angelo, Paschkis, Cantarow & 
Sunderman (1955) give an extensive review of this older literature. Direct 
evidence for an increased rate of release of thyroid hormone during acute 
exposure to cold was obtained in previous experiments on rabbits (Brown- 
Grant, von Euler, Harris & Reichlin, 1954) and this finding has been confirmed 
in the rat. Stevens et al. (1955) also observed a decrease in the biological half- 
life of thyroidal radio-iodine in more chronic experiments in the guinea-pig. 
The speed of response in the rat may be estimated by extrapolation from the 
points obtained during the period of cold exposure, and was found to be less 
than 8 hr. This is in essential agreement with the 4 hr delay found in rabbits 
in the experiments referred to above. This measurement is not sufficiently 
accurate to enable the delay to be estimated more accurately, but it may well 
be less than the figure quoted. The histological changes described by Del 
Conte & Stux (1954) as occurring within half an hour of exposure to cold in 
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the thyroid of guinea-pigs may be necese~ty preliminaries to an increase in the 
rate of release of thyroid hormone. 

The present experiments provide no direct evidence .on the possible 
mechanism by which the increase in thyroid activity is produced. It is 
generally assumed to be related to an increase in pituitary TSH secretion. 
Rand, Riggs & Talbot (1952) have suggested that the mechanism may be a 
compensatory response of the pituitary to a reduced concentration of thyroid 
hormone in the blood. While this may be true for the thyroid changes seen 
during chronic cold exposure, it seems probable that some neural mechanism, 
independent of the hormone concentration, may be involved in the rapid 
response to acute cold exposure. Such a dual mechanism has been postulated 
for the control of pituitary adrenocorticotrophic (ACTH) secretion (Harris & 
Fortier, 1954). 

While an increase in thyroid activity was seen to follow exposure to 
moderate degrees of cold, no change or a decrease in thyroid activity followed 
the acute exposure of rats to severe degrees of cold. A similar sequence was 
observed in earlier studies on the rate of release of “I from the thyroid of the 
rabbit. It is probable that this change in the response is due to the fact that 
such degrees of cold act as a ‘non-specific stress’; in general ‘stresses’ which 
lead to adrenocortical activation depress thyroid activity, probably by a 
decrease in pituitary TSH secretion (Brown-Grant, Harris & Reichlin, 1954). 
This view is confirmed by the observation that in the adrenalectomized rat, 
which is well known to be hypersensitive to cold, thyroid inhibition is pro- 
duced at a temperature which in the normal animal results in an increase in 
thyroid activity. It is of interest that 5° C is the highest temperature at which 
consistent evidence of adrenocortical stimulation can be elicited in most strains 
of rats (Deane & Lyman, 1954), and that it was below this temperature that 
failure of thyroid stimulation was observed in the present series of experiments. 

A decrease in thyroid activity, as judged by the uptake of ™*I 2 hr or 14 hr 
after injection in rats exposed to temperatures of 0-3° C was observed by 
Williams, Jaffe & Kemp (1949) and Guillemin (1954, personal communication). 
It is difficult to interpret these findings in terms of TSH secretion and true 
thyroid activity, as there is much evidence that adrenaline, which would be 
released under these circumstances, may exert a marked influence on the 
uptake of ™I by the thyroid (Brown-Grant & Gibson, 1955). The glata of 
Leblond, Gross, Peacock & Evans (1943) has also been interpreted as in- 
dicating a decrease in thyroid activity during cold exposure, but it appears 
that their findings are better interpreted in terms of an altered rate of turn- 
over of thyroidal iodine than of a decrease in thyroid activity. However, 
Kickhoff (1952) observed that the thyroids of hares and rabbits shot in the 
winter were histologically less active than those of animals shot in summer or 
autumn, and Kracht (1954) confirmed this, and also showed that the histological 


e278 


ey F 


q g 
sel 
ob 
ti 
| | 
Kr 
Le 
Ra 
STE 
| 
Wu 


COLD AND THYROID ACTIVITY 57 


state of the adrenal varied inversely with thyroid activity. In the work pre- 
sented here, a direct effect on the rate of release of thyroid hormone was 
observed, and the most likely interpretation appears to be that acute exposure 
to severe cold, like other stresses, results in a reduction in pituitary TSH secre- 
tion and a decrease in thyroid activity. 


SUMMARY 


1. Using the rate of release of thyroidal radio-iodine as an index of thyroid 
function, the effect of acute exposure to reduced temperatures on the thyroid 
activity of the rat has been studied. 


2. Exposure to moderate degrees of cold results in an increase in * the rate 
of release of thyroidal radio-iodine within 8 hr. 

3. Acute exposure to severe cold results in either no change or a decrease 
in thyroid activity; in adrenalectomized animals, a temperature that normally 
results in an increase in thyroid activity produces a decrease, 

4, The significance of these findings is discussed ; it is suggested that acute 
exposure to severe degrees of cold may act as a non-specific stress to reduce the 
secretion of TSH by the anterior pituitary. 


My thanks are due to Prof. G. W. Harris, F.R.S., in whose department these experiments were 
carried out, for his encouragement and advice, to the Medical Research Council for the grant of a 
Studentship during the tenure of which this work was performed and for a grant from the 
Research Fund of the Maudsley Hospital for the purchase of apparatus. 
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THE EFFECT OF ACTH AND ADRENAL STEROIDS ON 
THYROID ACTIVITY, WITH OBSERVATIONS ON THE 
ADRENAL-THYROID RELATIONSHIP 
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(Received 17 May 1955) 


Large doses of adrenocorticotrophic hormone (ACTH) and cortisone have been 
shown to produce a depression of thyroid function in the rabbit as judged by 
their effect on the rate of release of thyroidal radio-iodine, a very direct index 
of thyroid activity (Brown-Grant, Harris & Reichlin, 19546). Although 
negative findings were reported by previous workers, a similar result has 
recently been observed to follow the administration of large doses of cortisone 
in the rat (Brown-Grant, 1955). Several questions remain unsettled, how- 
ever, as to the mechanism of the depression of thyroid activity produced by 
ACTH; first, does ACTH reduce the rate of release of thyroidal radio-iodine 
in the rat; secondly, is this effect dependent on the presence of the adrenals, 
and if so, are the ‘glucocorticoids’ produced by the adrenal of the rabbit and 
rat (corticosterone plus, in the case of the rabbit, hydrocortisone) capable of 
reducing thyroid activity in these species. In the present paper, some 
evidence on these points is presented. 

Apart from the effect of large doses of exogenous ACTH and adrenal steroids 
on thyroid activity, previous studies in the rabbit (Brown-Grant, Harris & 
Reichlin, 1954a, 6) have demonstrated that activation of pituitary ACTH 
secretion by ‘stresses’ of various types leads to a decrease in thyroid activity. 
It was shown that adrenal insufficiency in the rabbit resulted in a decrease in 
thyroid activity, and that under these circumstances low, probably physio- 
logical, doses of cortisone produced an increase in thyroid activity. Similar 
studies in the rat will be presented. 


MATERIALS AND METHODS 


Adult female rabbits (1-8—2-8 kg body weight) andadult male and female rats of an inbred laborato:y 
strain were maintained under the standard conditions previously described. The rate of release «1 
thyroidal radio-iodine was studied in conscious animals as in previous studies (Brown-Grant, vo 


* Present address: Ministry of Supply (Medical Division) C.D.E.E., Porton, Wiltshire. 
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Euler, Harris & Reichlin, 1954; Brown-Grant, 1956, 1956). A dose of 3-6 yo of carrier-free 
radio-iodine was used in the rabbit experiments and 6 yo in the rat experiments. 

Adrenalectomy and sham operations on the rats were performed under sodium pentobarbitone 
anaesthesia (40 mg/kg body weight intraperitoneally). Adrenalectomized animals were maintained 
on 0-9% NaCl solution postoperatively except where otherwise stated. Completeness of operation 
was checked by post-mortem dissection. 

The following hormone preparations, supplied by the Medical Research Council, were used: 
cortisone acetate (compound E) and hydrocortisone acetate (compound F) (Roussel Laboratories 
Ltd.), corticosterone (compound B) (Merck Laboratories Ltd.) and adrenocorticotrophic hormone 


(H. P. Acthar Gel, Armour Laboratories; Lot no. K 49311 R). All compounds were administered 


by subcutaneous injection once or twice daily; dosages are given in the relevant sections of the 
text. 


RESULTS 
The effect of ACTH on normal and adrenalectomized rats 
A group of eight normal female rats (body weight 189 + 5 g, standard error of 
mean) received 6 units of Acthar gel per day (0-15 ml.) as a single daily injection 
for 3 days during a release curve. During the preceding and subsequent control 
periods, injections of 0-25 ml. of 0-9°% NaCl solution were made daily. ACTH 
produced a prompt, marked and reversible inhibition of the release of thyroidal 
radio-iodine (Fig. 1). 
A group of six adrenalectomized female rats (184+7 g) was tested in the 
same way. No change in the rate of release was observed (Fig. 2). 


Saline 


Thyroid (%) 


Fig. 1. The effect of ACTH on the rate of release of ™I from the thyroid of normal female rats, 
Ordinate, thyroid I content as percentage of content at 0 br (48 br after injection). 
Logarithmic scale, Abscissa, time in hours. Vertical bars indicate + standard error of mean 
value for the group. Similar notations are used in all subsequent figures. 


The effect of corticosterone and hydrocortisone on the rate of release 

of thyroidal radio-iodine in rabbits and rats 
ACTH and cortisone in large doses reduce the rate of release of thyroidal 
131] in both rabbits and rats. However, there is no evidence that cortisone is 
produced by the adrenal glands of these species. The major secretory product 
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appears to be corticosterone, though there is evidence that under the stimulus 
of exogenous ACTH the rabbit may also secrete hydrocortisone (Bush, 1953; 
Hechter & Pincus, 1954; Kass, Hechter, Macchi & Mou, 1954). The effect of 
these steroids was therefore studied, with the following results. 

Effects of compounds B and F in rabbits. Twice-daily injections of compound 
B in total daily dosage of 10 mg/day (2 experiments), 20 mg/day (4 experi- 
ments) and 40 mg/day (2 experiments) were given to eight normal rabbits in 
eight experiments for periods of 54-60 hr during a release curve. In these 
experiments, corticosterone was first dissolved in absolute ethyl alcohol at 
50° C, and the alcoholic solution added slowly to four times its volume of 
aqueous suspending agent (Roussel Laboratories). A fine micro-crystalline 


100 

£ 

i 
0 100 200 250 
Hours 
Fig. 2. The failure of ACTH to affect the rate of release of I from the thyroid 
of adrenalectomized rats. 


suspension was produced. 1:4 alcohol:diluent mixture was given as a contro! 
injection before and after the compound B in all these experiments. Pre- 
liminary experiments had shown that a simple suspension of compound B in 
saline was not absorbed and had no effect on the thyroid; in six experiments, 
even in large doses (20 mg/day) corticosterone did not show any thyroid 
inhibiting properties. Unpublished observations by Dr Claude Fortier (1954) 
in this laboratory also showed that administered in this way, compound B had 
no lymphopenic effect in the adrenalectomized rabbit. Prepared and admini- 
stered as described above, however, compound B showed definite thyroid 
inhibiting powers, as may be seen from the results given in Table 1 and Fig. 3. 
The response was qualitatively similar to that seen after cortisone (Brown- 
Grant et al. 19546). The effect was much less marked than with cortisone in 
similar dosage ; in two experiments no effect on the rate of release was seen and 
in no case was the release completely inhibited even with a dose of 40 mg/day, 
whereas 10 mg/day cortisone reduced the rate of release to less than 1 %/day 
in five out of five experiments (Brown-Grant et al. 19545), 
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Hydrocortisone (twice daily injections) in doses of 10 mg/day (3 experiments) 
and 20 mg/day (4 experiments) was administered to seven normal rabbits 
during a release curve. The injections were preceded and followed by control 


gee of the aqueous suspending agent. In the animals given 10 mg/day, 


Tas.E 1. The effects of subcutaneous injections of corticosterone and hydrocortisone on the 


rate of release of thyroidal I in normal rabbits. A summary of five experiments with 
cortisone (from Brown-Grant e¢ al. 19545) is included in the table 


Daily dose Total Rate of release (%%/day) 

(mg) administered r 
Rabbit ‘B (mg) Before . During After 
K 130 10 25 24 10 16 

ll 21 No change 21 
K 123 20 50 18 No change 18 
K 125 20 50 31 13 19 
K 126 20 50 22 ll 17 
K 122 40 100 33 7 ll 
K 124 40 100 24 4 19 
K 122 10 25 18 7 18 
K 123 10 25 14 7 13 
K 125 10 25 28 4 
K 122 20 50 17-5 <l 10-5 
K 129 20 50 25 <l 
K 130 20 50 16 <i il 
K 131 20 50 18 <i 12 
‘Ez’ 
5 expte 10 25-45 10-25 <l 9-22 
Diluent Diluent 


0 100 200 
Hours 


Fig, 3. The effect of corticosterone, administered as described in the text, on the 
| rate of release of thyroidal "I in a normal rabbit. 
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a partial inhibition of release was produced; 20 mg produced a complete 
inhibition in each case. The results are summarized and compared with the 
results of corticosterone administration in Table 1 and Fig. 4. Compound F 
is apparently only slightly less active than compound E as a thyroid inhibitor, 
and much more effective than compound B. 


i Diluent 
tee 
100% 


75 


Thyroid "1 (%) 
3 


0 100 200 250 
Hours 
Fig. 4. The effect of hydrocortisone on the rate of release of ™I from 
the thyroid of a normal rabbit. 


TaBie 2. The effect of corticosterone and hydrocortisone on the rate of release of thyroidal I 
in normal female rats. Data from a previously published study with cortisone (Brown-Grant 
1955) are included for comparison 


Daily 
dose 
No. of Body weight (two (%/day) 
rats in +8.E.M Compound injections) dosage 
(g) (mg/ret) After 
wi 17 +6 B 0 25 15-5 1-5 15-0 
8 190+5 F 10 40 11-0 <10 12-5 
8 202+4 E 10 35 11-0 10 10-0 


Effects of compounds B and F in rats. Normal female rats were injected with 
5 mg of compound B or F twice daily during a release curve. Appropriate 
control injections were given before and after the period of steroid admini- 
stration, as in the experiments on rabbits described above. As shown in 
Figs. 5 and 6 an inhibition of the release of thyroidal radio-iodine was produced. 
Details of these experiments are given in Table 2, where the results of cortisone 
administration are compared. All three steroids appear to be equally effective 
in the rat, but a comparison of the effects of smaller doses might reveal a 
difference similar to that noted in the rabbit. 


The effect of ‘stress’ on the release of thyroidal radio-iodine in the rat 
A group of seven female rats (239+7 g) was subjected to ‘sham’ adrenal- 
ectomy during a release curve, the adrenals being exposed but not removed. 
A very slight temporary decrease in the rate of release of “I resulted (Fig. 7). 
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Diluent Diluent 


4 
i 
0 100 200 
Hours 
Fig. 5. The effect of corticosterone on the rate of release of thyroidal 
181] in normal female rats. 

Diluent Diluent 
5 mg ‘F’ s.c. 

L 1 
0 100 200 250 
Fig. 6. The effect of hydrocortisone on the rate of release of thyroidal 
J in normal female rats. 


Fig. 7. The effect of a non-specific surgical procedure (sham adrenalectomy under Nembutal 
anaesthesia) on the rate of release of thyroidal I in normal female rate. 
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In order to produce a moderate degree of ‘stress’, a group of eight male rats inje 
(268+7 g) was injected with an innocuous, but mildly irritant suspension (s.E 
intraperitoneally (05 ml. cold saline containing approximately 75 mg of Hor 
material composed of sodium citrate 92-56%, lactose 45%, magnesium ectc 

stearate 10%, gum acacia 20%). A brief inhibition of release resulted pan 
(Fig. 8). A similar experiment on nine adrenalectomized female rats (185 + 3 g) and 
produced a very similar inhibition (Fig. 9). ave 
in 
drir 
j i 
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Fig. 8. The effect of intraperitoneal administration of a mildly irritant suspension on 
the rate of release of thyroidal “I in normal male rats. 
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Fig. 9. The result of an experiment, similar to that shown in Fig. 8, The 
performed on adrenalectomized female rats. ind 
limi 
The effects of adrenalectomy on thyroid activity in the rat wit] 
A group of nine female rats (235+6 g) were adrenalectomized during Bro 
release curve; the animals were maintained on 0-9°% NaCl postoperatively. P 
A brief inhibition, similar to that observed to follow sham operation, was se«n 195 
(Fig. 10). The subsequent rate of release was similar to that seen in the initial thy 
control period. Similarly, a group of nine female rats (180+3 g) adrenal- (Br 


ectomized 14 days previously had an uptake of 15-3% (+0-9, s.z.m.) of the effe 


vy 
3 
100 
injection 
Re 
3 
: 


ADRENAL AND THYROID 65 


injected dose of radio-iodine 48 hr later, as compared with a value of 14-2 + 2-2, 
(s.z.M.) for a group of seven normal female rats of the same weights (18043). 
However, it should be noted that these results were obtained on adrenal- 
-ectomized animals maintained in good condition by saline. A further com- 
parison was made between adrenalectomized female rats maintained on saline 
and others given ordinary tap water to drink. The group on saline had an 
average rate of release of 10-5°% per day (initial portion of release curve shown 
in Fig. 2), while a group of six rats (192 + 4 g), which were given tap water to 
drink, had a rate of 7-0%, per day (initial portion of release curve illustrated 
in Fig. 11). 


Fig. 10. The effect of adrenalectomy on the rate of release of "I 
from the thyroid of female rats. 


The effect of small doses of cortisone in adrenalectomized and normal rats 
A group of six adrenalectomized rats, maintained on tap water, received the 
usual twice-daily control injections. Substitution of 1-0 mg/day of cortisone 
produced a slight increase in the rate of release, and 2-0 mg/day a more marked 
increase. After retyrning to control saline injections, the rate decreased again 
(Fig. 11). An identical experiment in seven normal female rats (150 +3 g) 
produced no significant change in the rate of release (Fig. 12). 


DISCUSSION 


The method of "I ‘release curves’ has been shown to afford a very direct 
index of thyroid activity—the rate of release of thyroid hormone. Within the 
limits of a single release curve, variations in the rate of release may be equated 
with changes in the level of thyroid activity (Perry, 1951a; Wolff, 1951; 
Brown-Grant, von Euler, Harris & Reichlin, 1954). 

Previous work in the rabbit (Myant, 1953; Brown-Grant, Harris & Reichlin, 
19546) had shown that cortisone and ACTH reduced the rate of release of 
thyroidal 1*°J and that cortisone in large doses had a similar effect in the rat 
(Brown-Grant, 1955). In the present work ACTH has been shown to be 


effective in normal but not adrenalectomized rats. The failure of earlier 
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workers (Perry, 19516; Albert, Tenney & Ford, 1952) to elicit these effects in 
the rat may have been due to the rather lower dosage employed in their 
experiments. ACTH was not effective in the dosage employed here in the 
absence of the adrenals. Soffer, Gabrilove & Dorrance (1951) found that 


Saline Saline 


Thyroid (%) 


J 
0. 100 200 % 300 
Hours 
Fig. 11. The acceleration of ™I release produced by small doses of cortisone in 
adrenalectomized female rats. - 
Saline Saline 
05 mg ‘E’ mg 
& tt 
50 
44 
0 100 200 300 
Hours 


Fig. 12. The lack of effect of small doses of cortisone in normal female rats 
(compare Fig. 11). 


ACTH reduced the uptake of I by the thyroid of both normal and adrenal- 
ectomized rats. A decrease in the rate of release in two adrenalectomized 
rabbits, both of which died during the experiment, was found in previous 
work, A possible explanation, as suggested i in a previous pubsoation (Brown- 
Grant ef al. 19546), for these findings is the non-specific ‘stress’ effect of 
foreign protein injections. 
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The physiological significance of the thyroid response to cortisone in rats 
and rabbits is uncertain, as there is no evidence that this steroid is a normal 
product of the adrenal cortex in these species (Hechter & Pincus, 1954). 
Both corticosterone and hydrocortisone, which are known to be produced, 
depress the rate of thyroid hormone release, and it is possible that the effect 
of ACTH is due to an increased secretion of these compounds. In view of the 
high dosage necessary to produce an inhibition of release, the possibility that 
some other unidentified steroid is responsible cannot be excluded. 

At least in the rabbit, corticosterone is less effective than either compound 
E or F, a finding that is in agreement with its low activity in most tests of 
‘glucocorticoid’ function (Hechter, 1953). No reports of the effect of corti- 
costerone on thyroid activity have been found in the literature; a few clinical 
studies of the effect of hydrocortisone on thyroid activity have been reported. 
Perera, Ragan & Werner (1951) found no effect on ™I uptake or urinary 
excretion in three patients, but the concentration of protein-bound iodine 
(#1) was significantly reduced. Houssay (1952) reports that ™I uptake is 
reduced, urinary excretion increased 4nd PB’ reduced, though somewhat 
less than with similar dosage of cortisone. Desoxycorticosterone has no con- 
sistent effect on the release of I in the rabbit (Brown-Grant ef al. 19545) 
or on the release of "I in the rat (Perry, 1952, personal communication); it 
would be interesting to know whether aldosterone, which exhibits some 
‘glucocorticoid’ activity (Speirs, Simpson & Tait, 1954) has any effect on 
thyroid activity. | 

Various types of ‘stress’ have been shown to decrease the rate of release of 
] from the thyroid of the rabbit; this response was independent of the 
presence of the adrenal cortex or medulla or of the local sympathetic supply 
to the thyroid (Brown-Grant et al. 1954a). A similar inhibition of release was 
observed in the present work in normal and adrenalectomized rats. No 
evidence was obtained in the present experiments of the increase in pituitary 
TSH secretion 24 hr after the application of an acute stress, postulated by 
Badrick, Brimblecombe, Reiss & Reiss (1954). 

Adrenalectomy per se had no more marked immediate effect than a non- 
specific surgical procedure on the rate of release of I in the rat. However, a 
reduced rate of release was seen in adrenalectomized rats maintained on tap 
water as compared with a group maintained on saline. In these rats, which 
were presumably adrenal deficient, a small dose of cortisone increased the rate 
of release of 44 from the thyroid. No effect was seen with this dosage in 
normal animals. A similar acceleration has been observed in adrenalectomized 
rabbits or in cases of Addison’s disease treated with small doses of cortisone 
(Brown-Grant et al. 19546; Hill, Reiss, Forsham & Thorn, 1950). It seems 
likely that this effect—the restoration towards normal of the depressed 
thyroid activity of the adrenal-deficient animal—may represent : saa 
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physiological aspect of adrenal-thyroid interaction than the depression of 
thyroid function observed after the administration of large doses of ACTH and 
adrenal steroids. 


SUMMARY 


1. The effect of large d ACTH and adrenal steroids on the rate of 
release of thyroidal radio-iodine in rats and rabbits has been studied. 

2. ACTH reduces the rate of release in normal, but not in adrenalectomized 
rats. 

3. Corticosterone and hydrocortisone reduce the rate of release of J 
in both rats and rabbits; hydrocortisone appears to be rather more effective in 
the rabbit, and roughly as potent as cortisone. 

4. Activation of the pituitary-adrenal axis by ‘stress’ (surgical trauma, 
irritant intraperitoneal injection) results in an vaewnen of release in normal 
or adrenalectomized rats. 

5. Adrenalectomized rats not maintained on saline have a reduced rate of 
131] release. Small doses of cortisone, that have no effect in normal rats, 
produce an increase in 1*"] release in such animals. 

6. The possible significance of these findings is discussed. 

It is a pleasure to acknowledge the encouragement and advice I have received from Prof. 
G. W. Harris, F.R.S., in whose department this work was carried out. My thanks are also due to 


the Medica] Research Council for the grant of a Research Studentship, during the tenure of which 
these experiments were performed. : 
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GONADAL FUNCTION AND THYROID ACTIVITY 


By K. BROWN-GRANT 
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Maudsley Hoszital, London 


(Received 21 June 1955) 


There can be little doubt that the gonadotrophic function of the anterior 
pituitary is under the control of the central nervous system, particularly of the 
hypothalamus. There is a wealth of detailed experimental evidence to support 
this view (Harris, 1948; Donovan & Harris, 1955). As part of a general in- 
vestigation of the role of the nervous system in the control of other anterior 
pituitary functions, studies have been made of the measurement and regula- 
tion of thyroid activity in the rabbit (Brown-Grant, von Euler, Harris & 
Reichlin, 1954). If changes in thyroid activity are associated with variations 
in pituitary gonadotrophic function, these changes would provide excellent 
experimental situations for the simultaneous study of the hypothalamic 
control of various pituitary functions. In addition, although there are many 
suggestions from the clinical study of thyroid disease that a functional re- 
lationship may exist between the gonads and the thyroid (Lederer, 1946; 
Means, 1948), there is a lack of definite experimental evidence on this relation- 
ship. A study of the gonad-thyroid relationship in rabbits and rats was 
therefore undertaken, using radio-iodine to obtain various estimates of the 
level of thyroid function under varying conditions of gonadal activity. 


MATERIAL AND METHODS 


Adult male and female rabbits of 2-2-3-0 kg body weight, and adult female rats of an inbred 
laboratory colony, derived from the hooded Lister strain, were used. The animals were kept under 
standardized conditions of temperature, light and diet. Thyroid activity was measured in vivo by 
means of radio-iodine as in previous studies, and the radioactivity of body fluids and tissues was 
measured in vitro by counting of liquid samples (Brown-Grant, von Euler, Harris & Reichlin, 
1954; Brown-Grant, 1956). Forty-eight hour uptakes of “I by the thyroid and the rate of release 
of thyroidal radio-iodine were estimated by counts over the thyroid region in unanaesthetized 
animals. All animals were kept under the standard conditions for at least 4 weeks before experi- 
ments were begun. 

The operations of ovariectomy and orchidectomy were performed under intravenous sodium 
pentobarbitone anaesthesia (40 mg/kg body weight). 
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RESULTS 
The effects of gonadectomy on thyroid activity in male and 
female rabbits 
Three male and four female rabbits were castrated or spayed after an initial 
measurement of ™I uptake and release rates. All these operations were per- 
formed while the animals were on a release curve. In each case there was a 
brief complete inhibition of the rate of release of I (duration 15-43 hr) 
followed by a return to the previous rate of release (Fig. 1). This effect is almost 
certainly a response to the surgical trauma of the operation, comparable with 


Hours 
Fig. 1. The effect of ovariectomy on the rate of release of I from the thyroid gland of the rabbit. 
In this and subsequent figures the vertical logarithmic scale represents thyroid "I content as 
a percentage of the amount present at 0 hr (48 hr after injection). 
the inhibition seen after a simple laparotomy (Brown-Grant, Harris & Reichlin, 
1954a). The rates of release and the 48 hr uptake of ™I before and at varying 
times up to 7 weeks after the operation were measured and are shown in 
Tables 1 A and B. There is no consistent change in the uptake or the rate of 
release of 481] in adult female rabbits after gonadectomy under the conditions 
of these experiments. There is a slight decrease in the rate of release of asi] 
from the thyroid of two of the three male rabbits, but the uptake of “I is not 
consistently altered. 


The effect of coitus and ovulation on the rate of release of 1 3 
The endocrine changes occurring after coitus in the rabbit have been in- 
tensively studied. Fee & Parkes (1929) originally showed that within 1 hr of 
coitus there was release of sufficient gonadotrophin to bring about ovulation. 
The histological changes accompanying this abrupt discharge of luteinizing 
hormone and possibly of other anterior pituitary hormones have been reviewed 
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Taste 1A. The rate of release of thyroidal I in %/day before and at varying times after 
gonadectomy in male and female rabbits. The third column shows the duration, in hours, of 
the inhibition produced by the surgical trauma of the operation. 


Duration 
of Post-operative weeks 
inhibition -— - 
Pre-operation in brs. 1 2 3 4 5 6 7 
1 12:2 24 16-3 12-4 12-4 11-1 12-0 — 
2 8-0 43 75 9-5 8-0 14-0 70 60 60 
3 11-0 26 12-0 12-5 13-0 # 12-0 18-0 —- — 
4 19-0 15 170 20 200 190 210 — 190 
Male 

1 27-0 22 26-0 233-0 25-0 19-0 — 170 — 
2 11-0 26 11-0 12-0 11-0 10-5 — 


TasLe 1B. Forty-eight hour uptakes of I (as percentage of the administered dose) in gonad- 
ectomized rabbits before and at varying times after Gperation 


Post-operative weeks 
Pre-operation 1 2 3 4 5 6 
Female 
2 14-4 14-0 12-0 20-0 
3 12-7 20-0 18-0 14-7 
4 8-0 11-0 12-0 14-7 
Male 
1 17-0 — 34-0 25-0 14-0 
2 42-0 20-0 15-0 
3 33-0 22-0 30-0 22-0 


recently by Pearse (1952). It was of interest, therefore, to see whether any 
alteration in thyroid function accompanied these changes. 

Nine does, isolated for at least 4 weeks previously, were placed with bucks 
during a release curve. The animals were observed for 30 min; in most cases 
coitus took place at least twice within this period. The animals were killed 
70-120 hr later, and the occurrence of ovulation confirmed by naked eye in- 
spection of the ovaries for ruptured or haemorrhagic follicles. The results were 
as follows: all does accepted the buck. At post-mortem, one doe had typical 
oestrous ovaries but no evidence of ovulation and one had ovaries with well- 
developed corpora lutea and was assumed to have been pseudo-pregnant. 
Seven were found to have ovulated. There was no change in the rate of release 
of ™I in six of these experiments over the period of 70-120 hr after coitus 
during which observations were made. One of these is illustrated in Fig. 2. 
In one of the seven rabbits which ovulated, a slight reduction in the rate of 
release over the 90 hr period after coitus was seen. 3 

Three buck rabbits were mated on several days during a release curve; in 
no case was any change in the rate of release of ™I observed. No evidence 
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was obtained for any change in thyroid activity associated with coitus orovula- 
tion in the rabbit. 


0 50 100 150 200 
Hours 


Fig. 2. The effect of coitus on the rate of release of thyroidal radio-iodine in a female 
rabbit. At post-mortem ovulation was found to have occurred. 


The effect of pregnancy and lactation on thyroid activity in the rabbit 

The experimental design was as follows. Five adult Chinchilla rabbits were 
isolated for 8 weeks uhder the standard conditions. They were then injected 
) with 2ue of “1 subcutaneously; the 48 hr uptake, as percentage of the 
administered dose, was determined and the rate of release of 4*I was deter- 
mined by once daily thyroid counts made in the usual manner. The percentage 
uptake was determined on at least three occasions, and the rate of release was 
determined weekly over the next 5 weeks. The 48 hr uptakes in the control 
period varied from 6-6 to 28-9°% of the dose and release rates from 8-5 to 
28-0%/day. The initial uptake and the rate of release during the first week of 
the experiment were taken as 100% and all subsequent values expressed as a 
percentage of the initial value for that rabbit. The animals with a high per- 
centage uptake were injected with 1c in subsequent experiments; the others 
continued to receive 2uc. After the first injection, a small amount of “I was 
left in the thyroid at the end of the determination of the release rate; when a 
fresh injection of #41 was given, the residual radioctivity from previous release 
[ curves that would be expected to be present 48 hr later at the time of the 
second determination of uptake was estimated from the rate of release, and 
the second uptake was corrected for this residual radioactivity. Release curves 
were continued until the thyroid content was so low that statistically reliable 
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counts could no longer be obtained with a reasonable duration of counting, 
i.e. when the thyroid count wasapproximately equal tothe background counting 
rate (50 counts/min). The correction for residual radioactivity was thus 
usually less than 5% of the total counting rate at 48 hr after injection. 

No systematic change in uptake or release rates occurred in the 5-week 
control period. The animals were then mated: there was no immediate effect 
on the rate of release, as was expected from the experiments on the effect of 
coitus described above. Uptake and release rates were determined weekly 


Mated — Litters born _—_Litters weaned 
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Fig. 3. The changes in 48 hr “I uptake, rate of release and body weight in four rabbits during 
pregnancy and lactation. Combined data for all rabbits are given, expressed as & percentage 
of the initial measurement at the beginning of the experiment. 


throughout pregnancy and the animals were also weighed weekly. The values 
for uptake and release rates and the body weights are shown in Table 2. The 
combined data for the four rabbits that were found to be pregnant are shown 
graphically in Fig. 3. 

No change occurred in the first 3 weeks of pregnancy; both the uptake of 
131] and the rate of release were increased in the fourth week of pregnancy. 
Counting was stopped 2 days before the estimated date of delivery. Delivery 
was within 2 days of the estimated date in all cases; there were several still- 
births or early neonatal deaths, but no further deaths after the second day 
post-partum. Rabbit 1 raised a litter of four, rabbit 2 of two, rabbit 3 of 
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seven and rabbit 4 of two. Rabbit 5 did not become pregnant, but measure- 
ments“were continued to provide control data. Uptake measurements were 
made on the second day post-partum and at the end of the first, second and 
third weeks of lactation; release rates were measured for 4 weeks post-partum. 
The litters were left in the cage with the does throughout this period. At the 
end of the fourth week, the litters were eating the pellets and drinking from 
the water bottles and the mammary glands of the does appeared to be in- 
voluting; the litters were weaned at this stage. Uptake was measured 2 days 
after weaning and uptake and release measurements were continued for a 
final control period of 5 weeks. 


Tas 3. The percentages of the injected dose of "I present in the litters and 
in the maternal thyroid 48 hr after injection of the mother 


Litter 
One week post-partum 
Rabbit — A . Total in Maternal 
no 1 2 3s 4 5 6 id litter thyroid 
1 35 107 50 £89 28-1 2-5 
2 100 10-9 20-9 2-3 
3 Sl 64 149 38 709 66 38 48-5 4-2 
4 135 80 21-5 5-0 
Two weeks post-partum ; 
1 27 12 20 20 7-9 3-5 
2 56 65 12-1 2:7 
3 26 24 30 18 #14 ~- Ol 2-6 13-9 2-9 
4 95 10-1 19-6 6-0 


A striking change in the pattern of I distribution occurred after parturition 
as lactation was established. The percentage uptake by the thyroid gland was 
greatly reduced even as early as 2 days’ post-partum, and remained low 
throughout the period of lactation. The uptake rose again after weaning and 
returned to nearly the level seen in the initial control period over the next 
5 weeks. The rate of release, however, was increased during the period of 
lactation and fell to or below the initial control level during the final 5-week 
period after weaning. 

Additional investigations provided the probable explanation for the low 
uptake of "I by the thyroid during lactation. In the first week post-partum, 
it was found that the litters were radioactive. At the time of the doe’s neck 
count after the second and third injections of radio-iodine, the whole body 
radioactivity of the litter was measured by y-counting under consistent 
geometrical conditions. The results are shown in Table 3. The litters contained 
as much as ten times the amount of “I found in the mother’s thyroid at 48 hr 
after injection. Monitoring of the young with an end-window counter showed 
that the highest concentration of radioactivity was detected over the epi- 
gastrium. It seemed likely that the young were obtaining radio-iodine in the 
milk. The does were therefore monitored 2 or 3 hr after the injection of "I. 
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It was found that the counting rate over an active mammary gland was equal 
to or higher than that obtained over the thyroid gland. It seemed, when the 
relative mass of mammary gland and thyroid gland were considered, that this 
diversion of iodide to the milk wa¥'an adequate explanation for the drop in 
48 hr. thyroid uptake. 


The distribution of **I in lactating does 

The distribution of **I was studied in more detail in three other lactating 
tabbits 42-79 days post-partum. All were yielding enough milk to maintain 
growth of their litters. 

Each rabbit was injected with 4c of ™I subcutaneously 30-60 min after 
being suckled; the litter was removed after sucking. Five hours after in- 
jection, the animals were anaesthetized with Nembutal and samples of blood 
and plasma and of milk were collected. The animals were then killed; urine 
and weighed samples of muscle, mammary and thyroid glands were collected. 


Taste 4. The distribution of ™I 5 hr after subcutaneous injection in lactating rabbits. Concentration 
per g or per ml. relative to plasma (1-0). The effect of pretreatment with KSCN is to reduce 
the ™I content of milk, mammary gland and thyroid. 
% dose 
Rabbit Weight No.in Plasma Whole Mammary in 
no. (kg) litter concn. blood Urine Muscle gland Milk Thyroid thyroid 


1 _ 34 3 10 0-95 3 0-04 18-3 36-1 1,178 7-4 

2 21 3 10 0-92 68-7 0-05 20-5 54-0 4,960 10-2 

3 21 3 10 0-96 8-6 0-14 125 31-6 1,343 2-8 
200 mg KSCN 20 min before ™I 

4 29 2 10 0-79 36-7 — O43 8621-16 103 0-45 

5 2-5 3 10 0-91 14-7 0-10 1-1 153 166 12 


Tissues were dissolved in 2N-NaOH and the radio-iodine content of all fluids 
and tissues determined by liquid counting. The concentration of “+I in the 
plasma was taken as 1-0 and the concentration in other fluids (per ml.) and 
tissues (per g) expressed as a ratio relative to plasma concentration. The results 
are given in Table 4, together with certain other relevant data. It will be seen 
that the mammary gland of the rabbit has considerable powers of concentrating 
iodine. The concentration in the milk was 36, 54 and 32 times the plasma 
concentration. The mass of mammary tissue far exceeds that of the thyroid 
and in the lactating rabbit the mammary glandisa more important factor in the 
distribution of radio-iodine than the thyroid. 

The effect of thiocyanate on the ability of the mammary gland to concentrate 
tadio-iodine was investigated. Two rabbits were injected with 200 mg of 
KSCN subcutaneously 20 min before the injection of “I. This dose of thio- 
cyanate has been shown to reduce the uptake of “I by the thyroid of the 
norinal rabbit to very low levels and to produce a complete discharge of radio- 
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iodine from the thyroid of the thiouracil-treated rabbit in 5-10 min (Brown- 
Grant & Gibson, 1955). As may be seen from Table 4, thiocyanate abolishes 
the differential concentration of “I by the mammary gland. 


Variations in the rate of release of thyroid radio-iodine during 
the oestrous cycle in rats 
Seven female rats (mean body weight 188 g, s.z. 11 g) were selected from a 
larger group in which daily vaginal smears had been studied for a period of 
three weeks. The animals chosen were exhibiting regular 4-day cycles. They 


i 
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Fig. 4. The rate of release of "I from the thyroid gland in a group of seven female rats. Vertical 

bars indicate s.z. of the group mean. The vaginal smear findings are shown for each day: 

P, pro-oestrus; O, oestrus; M, metoestrus; D, dioestrus. There is no evidence of a cyclic 
variation in the rate of release with the phases of the vaginal cycle. 


were injected with 9c of “I subcutaneously, and 2—4 days later measure- 
ment of the rate of release of "I from the thyroid was begun. The animals were 
counted at 10.00 and 19.00 hr daily. The first day on which an oestrous smear 
was obtained after injection of “I was taken as the first day of the release 
curve. The measurement of "I release was in this way synchronized with the 
stage of the cycle. The number of animals in each stage (dioestrus, prooestrus, 
oestrus, or metoestrus) on any one day is given in Fig. 4. Despite the syn- 
chronization of cycles, no systematic variation in the rate of release in the 
different periods was observed. 
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DISCUSSION 
Qvariectomy is generally reported as having no effect or producing only a 
slight decrease in thyroid activity in the rat (Andersen & Kennedy, 1933). 
Lederer (1946) cites other work in agreement with this view, and reports con- 
icting and unconvincing evidence for any marked change in the rabbit after 
, aR Among reports other than those cited by Lederer, Blair Bell 
(1913) found no histological evidence of changed thyroid activity after 
ovariectomy in the rabbit, and Paschkis, Cantarow & Peacock (1948) found 
no change in “I uptake 50 days after ovariectomy in the rat. Chouke (1930) 
found no change in thyroid activity in the guinea-pig after spaying. The work 
presented here is in agreement with the generally negative findings in the 
rabbit and other species. 

A slight decrease in thyroid activity was seen in adult male rabbits after 
castration; Maqsood (1950), however, has reported a marked fall in the thyroid 
secretion rate, as determined by the goitre prevention method, at the 6-month 
interval after castration of 8-week-old rabbits, but the two groups of experi- 
ments are not comparable in respect of the age of the animals. Odell (1952) 
reports no difference in the rate of thyroid secretion (determined by the goitre 
prevention method) in normal and castrate cockerels. Ganong & Junker (1955) 
report some decrease in "I uptake 3 weeks aftep castration in the dog. There 
does not appear to be any striking evidence‘for marked changes in thyroid 
function following gonadectomy in experimental animals comparable to that 
seen after adrenalectomy (Brown-Grant, Harris & Reichlin, 19545). 

No evidence was obtained in the present work for any significant change in 
thyroid activity over the 70-120 hr period after coitus and ovulation in the 
rabbit. The observations of Saxton & Greene (1942) that there was a marked 
decrease in pituitary TSH content between 4 and 48 hr after coitus suggested 
to these authors that there was an excess discharge of TSH over this period. 
No alteration in the rate of release of thyroid hormone was obtained to con- 
firm these findings in the present work. This observation may be of some 
importance in connexion with the still-debated question of independent 
variations in the rate of secretion of anterior pituitary hormones. At least 
_ under the conditions obtaining in the oestrous rabbit after coitus, there appears 
to be a selective discharge of gonadotrophin unaccompanied by any change in 
thyrotrophin secretion. These two hormones at least must, therefore, be con- 
sidered as independent physiological entities in the rabbit under these 
conditions, 

The level of thyroid function in the rabbit appeared to be raised during the 
last week or 10 days of pregnancy. During lactation, the level of uptake fell. 
It was found, however, that there was a considerable loss of iodine in the milk 
in the lactating rabbit; the mammary gland was able to secrete milk with a 
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higher concentration of iodine than in the plasma. The observed changes in 
131] uptake could well be the result of this loss of iodine in the milk. 

The other observation of interest made during lactation was the increase in 
the rate of release. There is a considerable loss of iodine from the body in the 
milk in the lactating rabbit. It seems probable that the temporary increase 
in the rate of loss of thyroid radio-iodine is due to a state of iodine deficiency 
caused by this loss, which leads to a fall in thyroid iodine (’1) content. This 
is the reverse of the situation discussed in an earlier paper (Brown-Grant, von 
Euler, Harris & Reichlin, 1954), where the ¢hanges occurring in iodine-deficient 
rabbits placed on an iodine-rich diet were described. 

The changes in iodine distribution during lactation complicate the inter- 
pretation ofgboth the uptake and release measurements as indices of thyroid 
activity. Any conclusion that can be drawn from the present series of obser- 


vations must be tentative only in view of these changes. It seems that there 


may be an increase in the level of thyroid activity, as judged by the increase 
in both the uptake and rate of release during the last week or ten days of 

‘pregnancy in the rabbit. The reduced uptake during lactation can probably be 
accounted for by the change in iodine distribution without invoking changes 
in pituitary TSH secretion, and thevmost likely explanation of the increased 
rate of release is also in terms of iodine balance, rather than of TSH secretion. 
In summary, then, apart from a slight increase towards the end of pregnancy, 
there appear to be no significant changes in the level of thyroid activity in the 
pregnant or lactating rabbit. 

It is widely accepted that some degree of enlargement of the thyroid is 
normal in pregnant women. Saxton & Loeb (1937) and Witschi & Riley (1940) 
found no change in the pituitary content of TSH in pregnant as opposed to 
non-pregnant women. Pochin (1952), however, found that the radio-iodine 
uptake of the human thyroid appeared to be slightly raised during pregnancy. 
In addition to these observations, there seems to be no doubt that the plasma 

_ protein-bound iodine is considerably raised during all normal pregnancies in 
the human (Heinemann, Johnson & Man, 1948; Man, Heinemann, Johnson, 
Leary & Peters, 1951; Danowski, Huff, Mrvos, Wirth, George & Mateer, 1953). 
The exact mechanism of this change is not definitely established. The informa- 
tion on thyroid changes during pregnancy in the experimental animal is less 
extensive. Herring (1920) found no histological changes in the rat thyroid. 
Turner & Cupps (1939) report a fall in pituitary TSH levels in the first half of 
pregnancy and a rise above normal levels in the second half of pregnancy and 
during lactation in the rat. Bates, Riddle & Lahr (1935) report the opposite 
effect in cows, a rise in the early phase and a fall later in pregnancy. Hewitt & 


van Liere (1941) found no histological or weight changes in the thyroid of the 


guinea-pig during pregnancy. Bergman & Turner (1943) found no change in 
the TSH content of the pituitary of the rabbit 10, 20 and 28 days pregnant, 
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but a slight rise in the first 5 days post-partum. In summary, it may be said 
that while there is some evidence for a raised level of thyroid activity in the 
humag,during pregnancy, there is little convincing evidence from experi- 
mental studies in animals to support a similar claim in other species, and the 
present work does not suggest any striking change in the rabbit. 

The ability of the mammary gland of the rabbit to concentrate radio-iodine 
gave rise to marked changes in iodine distribution during lactation. A similar 
concentration of ™I in the milk was observed by Honour, Myant & Rowlands 
(1952) in lactating women; Glascock (1954) rather surprisingly did not find 
this in lactating cows, for Robertson (1944) and Binnerts (1954) both showed 
that the concentration of iodide in cows’ milk might be as high as 8-5yg% 
and that concentration was proportional to the iodine content of the diet. 
Blaxter (1952) states that the content may rise as high as 204ug°% when cows 
are fed iodinated protein to stimulate galactopoiesis during declining lactation. 
The radioactivity in the rabbit milk in the present experiments was assumed 
to be iodide, as there was a high content at 2 and 5 hr after injection, up to 
which time little of the blood ™I is in organic combination. Salter (1940) 
states that the milk iodine is largely inorganic in the cow; Robertson (1944) 
and Blaxter (1952) found no evidence for the presence of thyroxine in milk, 
though Robertson refers to earlier work where the presence of biologically 
active iodine compounds was reported. Courrier, Roche, Deltour, Marois, 
Michel & Morel (1949) found little radioactivity in the milk of a lactating 
rabbit after ™J-iodocasein administration, but a considerable concentration, 
maximal at 5 hr after injection, following radio-iodine administration. They 
also showed that the radioactivity present in the milk behaved as iodide in the 
litters. The function of the iodine concentrating mechanism of the mammary 
gland is obscure; perhaps a primitive iodine-trapping mechanism is charac- 
teristic of many exocrine glands—salivary, mammary, gastric (Honour ¢¢ al. 
1952; Rowlands, Edwards & Honour, 1953), but it may also be pertinent that 
not only the thyroid but the other endocrine glands selectively concentrate 
iodine (Salter, 1940). 

The question of a cyclical variation in thyroid activity in animals with well- 
defined breeding seasons or spontaneous sexual cycles has not been investigated 
extensively. Such reports as are available in the literature do not indicate that 
such variation is very marked. Pochin (1952) found no evidence for any 
variation in ™[ uptake during the menstrual cycle in women. Danowski, 
Hedenburg & Greenman (1949) reported a slight rise in PBI at the mid- 
menstrual period with a fall in the post-ovulatory phase of the cycle, but did 
not consider the changes they observed to be significant. Sandiford & Wheeler 
(1925) found no variation in basal metabolic rate that corresponded with the 
menstrual eyele, The rise in basal body temperature during the luteal phase of 
the normal menstrual cycle is due to progesterone (Davis & Fugo, 1948) but 
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is not related to thyroid function as it occurs in thyroidectomized women on 
constant doses of thyroid. Further, Rothchild & Rapport (1952) showed that 
the typical thermogenic effect of progesterone could be produced in cretins and 
the rise in normal men was not accompanied by any change in PBI. 

The evidence from laboratory animals is meagre; Chouke, Friedman & Loeb 
(1935) found that the mitotic activity in the thyroid of the female guinea-pig 
was highest in the luteal phase of the cycle, being maximal at the 5th day. 
Soliman & Reineke (1954a) found that the ™I uptake of the mouse thyroid 
was highest in the pro-oestrous phase of the cycle, whereas in the rat uptake 
was highest during oestrus (Reineke & Soliman, 1953). In the present work, 
no evidence for a variation in the rate of release of thyroid hormone from the 
gland during the oestrous cycle in the rat was observed. The findings of 
Soliman & Reineke may be a reflexion of cyclic variations in food (and hence 
of iodine) intake rather than actual variations in thyroid activity; such 
variations have been shown to influence ™'I uptake (Catz, El Rawi & Geiger, 
1953; Storaasli, Rosenberg & Friedell, 1953). Their later finding, however, 
that some cyclic variation in uptake persisted in rats on a low iodine diet 
injected with a standard daily dose of iodide (#71) shows that this is not the 
sole factor (Soliman & Reineke, 19545). 

In summary it may be said that neither the results presented here, nor the 
previously published studies of other workers, indicate that the level of 
gonadal function exerts any striking influence on thyroid activity in the 
normal experimental animal. 


SUMMARY 


1. The effect of variations in gonadal function on thyroid activity in rabbits 
and rats has been studied. The uptake and release of radio-iodine from the 
thyroid were used as indices of thyroid activity. 

2. Ovariectomy had no consistent effect on thyroid activity in the rabbit; 
orchidectomy resulted in a slight decrease in thyroid activity. 

3. Coitus and ovulation had no effect on the release of thyroidal ™'I in 
rabbits. 

4. In the last quarter of pregnancy there is some increase in both the uptake 
and the rate of release of **I. During lactation the uptake of I was greatly 
reduced, while the rate of release was increased. After weaning uptake and 
release returned toward the level seen before pregnancy. 

5. Studies of the distribution of "I in the does and litters during lactation 
indicated that the mammary gland concentrated and excreted radio-iodine; 
this factor is of considerable importance in the metabolism of iodine in the 
lactating rabbit. The changes observed in “I uptake and release during 
lactation appear more likely to be due to this than to any change in pituitary 
TSH secretion. : 


| 


GONADS AND THYROID 83 


6. The concentration of ™*I in the milk may be many times the plasma con- 
centration. Thiocyanate abolishes this selective concentration. 

7. In female rats.no correlation was found between the stage of the 
oestrous cycle and the rate of release of ™] from the thyroid. 

8. These results are compared with other findings in the literature. Except 
for a decrease in thyroid activity after castration in the male, the evidence 
from animal experiments does not provide any strong support for the concept 
that marked changes in thyroid function occur in association with variations 
in gonadal function in normal animals. 


My thanks are due to Prof. G. W. Harris, F.R.S., in whose department this work was carried 
out, for his encouragement and advice. These experiments were performed during my tenure of a 
Medical Research Council Studentship, which is gratefully acknowledged. 
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THE EFFECT OF EXOGENOUS AND ENDOGENOUS 
ADRENALINE ON THE UPTAKE OF RADIO-IODINE 
BY THE THYROID GLAND OF THE RABBIT 
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Evidence concerning the part played by the sympathetic nervous system in the 
control of thyroid function is conflicting. Cannon, Binger & Fitz (1914) 
described a syndrome characterized by increased basal metabolic rate (B.M.R.), 
irritability, tachycardia, weight loss and death in a small proportion of a 


‘group of cats in which a functional anastomosis between the phrenic and the 


cervical sympathetic nerve had been established. However, Burget (1917), 
Marine, Rogoff & Stewart (1918) and Friedgood & Cannon (1940), in their second 
series of experiments, were unable to confirm this finding. Rogoff (1918), 
Haney (1932) and Friedgood & Bevin (1939) observed no change in B.M.R. or 
thyroid hormone concentration in the blood following electrical stimulation 
of the cervical sympathetic in experimental animals, though Hellin & Zilliacus 
(1940) claimed to have demonstrated an acute fall in the iodine content of the 
thyroid following stinyflation of the cervical sympathetic in cats. Lee & Bacq 
(1933) found that cervical sympathectomy had no effect on the B.M.R. in rats 
and Florentin, Fontaine & Hennequin (1936) observed no histological changes 
in the thyroid gland of rabbits subjected to cervical sympathectomy. Uotila 
(1939), however, described a transient thyroid hypofunction in rats after 
cervical sympathectomy, but showed that this operation had no effect on the 
thyroid response to cold. This second observation was confirmed in the work 
of Brolin (1946) and of Lowe, Ivy & Brock (1945). Further, Loeb (4930) and 
Marine & Rosen (1934) observed normal function in transplanted thyroids. 
Recent reviews by Harris (1948) and Gellhorn (1953) both support the view that 
local sympathetic fibres supplying the thyroid do not modify the secretion of 
thyroid hormones ander physiological conditions. 

More recently, the introduction of measurements of the uptake of “I as an 


* Present address: Ministry of Supply (Medical Division), C.D.E.E., Porton, Wiltshire. 


85 d 
itary 
f the | 
ions 
with 
sstive 
st. 30, 

yroid 
88, 
ioe | 
cycle 
Fed. 
. The | 
in. 4, 
lation 
lorate 
1aANncy. 
rabbit 
uman 
Anat. 1 
ice as i 
yy the 
yroid 
no rat 
taries. 


86 K. BROWN-GRANT AND J. G. GIBSON 


index of thyroid activity has led to a reinvestigation of the effects of adrenaline 
on this aspect of thyrofa function. Soffer, Gabrilove & Jailer (1949) found a 
decreased 24 hr uptake of "I in the rat following the injection of adrenaline. 
Williams, Jaffe & Kemp (1949) found reduced uptakes after 1 and 2 hr in rats, 
though the 24 hr uptake was increased. Botkin & Jensen (1952) reported a 
decrease in the uptake after adrenaline. Reiss (1953) and Haigh, Reiss & Reiss 
(1954) report in more detail the inhibitory effect of adrenaline on ™I uptake 
by the rabbit thyroid. Reiss, Forsham & Thorn (1949), on the other hand, 
observed increased 1] uptakes in a small group of normal men after adrenatine 
administration. This latter work has not yet been reported in full. 

These reports indicated that it would be desirable both to investigate the 
possible effects of adrenaline on the rate of uptake of }*4I by the thyroid gland 
and to attempt to assess its physiological significance. A preliminary report 
of this work has been made (Brown-Grant & Gibson, 19555). 


MATERIALS AND METHODS 


Adult female rabbits (2-0-3-2 kg body weight), kept under standard conditions and fed on a pellet 
diet (M.R.C. diet no. 18) with tap water ad lib. were used; the uptake of radio-iodine was measured. 
in the conscious animals with a scintillation counter and ratemeter using the technique previously 
described (Brown-Grant & Gibson, 19554), The uptake of '**I in rabbits anaesthetized with 2-5 ml./ 
kg body weight of 2% chloralose and 10% urethane intravenously and open ether, an airway being 
used in every instance, was studied in the following manner. The anaesthetized animals were placed 
in the supine position with the necks moderately hyper-extended by means of a rubber pad placed 
underneath. A small sheet-steel platform, similar to that used for the conscious animal, but with 
adjustable legs, was placed over the animal’s neck so that the region of the thyroid cartilage pro- 
truded slightly through a hole in the platform. The scintillation counter collimator was aligned by 
means of white guide-marks on the platform, the relationship of the thyroid to these marks having 
been previously ascertained from the position of the thyroid cartilage. The scintillation counter 
was lowered on to this platform and locked in position by means of a ball and socket clamp. With 
this arrangement the geometrical relationship of thyroid and crystal was essentially the same as 
that for the conscious animal. Uptake curves during the firsf 50 min after the injection of "11 were 
indistinguishable from those obtained in conscious animals. In all experiments a dose of 3c of 
carrier-free I in a volume of 0-5-1-0 ml. was injected in the marginal vein of the ear. All other 
intravenous injections or infusions were given in the marginal vein of the opposite ear. 

All operations were performed under chloralose-urethane and ether anaesthesia as described 
above. Unilateral adrenalectomy and contralateral adrenal denervation was carried out in two 
stages; bilateral adrenal demedullation was performed in a single stage operation. The complete- 
ness of denervation was checked by careful post-mortem dissection. The demedullated adrenals 
were embedded in paraffin, stained with haematoxylin and eosin and sectioned at 10. Every 10th 
section was mounted, and examined for the presence of medullary tissue. 

Laparotomy consisted of a 3 in. mid-line incision through which coils of small gut were delivered 
outside the abdominal cavity and left for 10-16 min, without any precautions being taken against 
drying, replaced, and the wound closed in layers. Blood pressures were recorded in the anaesthetized 
animals on a kymograph, using a mercury manometer connected to a cannula tied into the 
femoral artery. Duplicate blood sugar determinations were carried out according to the techn: que 
of King (1951). 

Pure t-adrenaline bitartrate (Burroughs Wellcome and Co.) and t-noradrenaline bitartrate 
(Bayer Products Ltd.) were prepared as stock solution, 10 mg/ml., in 0-01 N-HCI and stored in @ 
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refrigerator : solutions for injection were prepared by dilution with 0-9% NaCl solution immediately 
before administration. ‘Hyperduric adrenaline’ (Allen and Hanbury’s Ltd.), the adrenaline salt 
of mucic acid (10004g adrenaline base/ml.), and soluble insulin B.P. (20 or 80 units/ml.) were used. 
Thyrotrophic hormone (TSH) (Armour Laboratories Ltd., Lot no. R 377157) was dissolved in 
0-9% NaCl solution. The ‘dosage and route of administration of the compounds is given in the 
relevant sections of the text. To obtain the approximate dosage of adrenaline and noradrenaline 
in terms of the appropriate base the amounts stated should be halved. 


RESULTS 
Administration of adrenaline (ADR) and noradrenaline (NOR-A) to 
conscious rabbits 

(a) Subcutaneous adrenaline.» 'm nine experiments on nine rabbits ADR in 
single or repeated doses of 50-or 100g (total dosage 100-1200u.g) was injected 
subcutaneously while the rate of “I uptake was being measured. In one 
instance (total dose 900 1g) a slowing in the rate of uptake was produced, but in 
the remaining eight experiments no effect was observed. 

(b) Subcutaneous noradrenaline. In six experiments on six rabbits subcuta- 
neous injection of NOR-A in 50-300yg doses (total 50-1000ug) had no effect 
on the rate of uptake. 

(c) Subcutaneous ‘hyperduric’ adrenaline. Single or repeated injections of 
200-1000 ug of hyperduric adrenaline (total 200-1000ug in 0-2-1-0 ml.) were 
given to nine rabbits in nine experiments. A very marked or complete inhibi- 
tion of uptake was observed in each of eight experiments in which 250yug or 
more was injected (Fig. 1). In one experiment in which 200ug was injected 
there was no effect. In one experiment 1 ml. of the manufacturers’ vehicle had 
no effect when injected subcutaneously. In each case the effect on the rate of 
uptake lasted as long as the experiment was continued, i.e. for periods up to 
150 min after the injection. Assuming an even rate of absorption of the 
hyperduric preparation, approximately 2-5ug of the adrenaline salt/min 
strikingly inhibited the uptake of I by the thyroid in these experiments. 
This figure may well be too high, as in no case was the experiment continued 
until recovery in the rate of uptake occurred. The failure to affect the uptake 
with large doses of ADR or NOR-A given subcutaneously may have been due 


~ to intense local vasoconstriction preventing absorption. 


(d) Intravenous injection of adrenaline and noradrenaline. Twenty to thirty 
minutes after the 181 had been injected, intermittent intravenous injections 
were begun. These were given every 30 sec in a constant volume of 0-05 ml. at 
various rates with the following results. ADR (12, 18 and 20ug/min) com- 
pletely stopped the uptake during the period of injection (8, 20 and 9 min 
respectively) i in three experiments on three rabbits. In one experiment 10yug/ 


‘ min for 12 min produced a marked slowing in the rate of uptake, but not a 


complete inhibition. In each instance the inhibition became apparent as soon 
as the injections were begun and uptake began again spontaneously within 
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5 min after the injection period. NOR-A was injected in the same way in five 
experiments on five rabbits. Rates of 20, 30 and 30ug/min for 15 min in three 
experiments produced a complete inhibition of uptake; in one experiment 
20 g/min for 15 min had no effect, and in another 30ug/min for 15 min caused 
only a slight reduction in the rate of uptake. The times of onset and recovery 
were essentially the same as in the experiments in which ADR was injected. 
ADR appeared to produce a complete inhibition in somewhat lower dosage 
than did NOR-A, but it should be noted that the rate of administration 
(ug/min) was considerably higher than that estimated to be necessary on the 
basis of the experiments where hyperduric adrenaline was used. 


at *yperduric 
adrenaline 


40 80 120 160180 
Minutes after injection of "I 


Fig. 1. The effect of subcutaneous injection of 1000ug of hyperduric adrenaline on the rate of 
uptake of I by the thyroid of a conscious rabbit. In this, and all subsequent figures, 3 uc 
of I were injected intravenously at 0 min. Unless otherwise stated, each point represents 
the average of five successive readings at 1 min intervals. 


7 

(e) Continuous intravenous infusion of ADR and NOR-A. Adrenaline and 
noradrenaline were given by continuous intravenous infusion in volumes of 
0-009-0-15 ml./min, usually 0-018 or 0-036 ml./min. The infusions were begun 
20-30 min after I administration and continued for periods up to 60 min. 
The initial rate was usually 0-25 or 0-5ug/min of ADR and 1-0 or 2-0ug/min 
NOR-A, and was increased twofold at each step up to 16 or 32yg/min. 
Infusion of saline at rates up to 0-3 ml./min had no effect on the rate of uptake. 
Infusions at rates of 0-25 and 0:5ug/min of ADR and 1-0-2-0ug/min NOR-A 
had no effect on the rate of uptake. The dose of ADR and NOR-A was doubled 
evéry 5 or 10 min until complete inhibition was produced, and this rate of 
infusion was maintained for 15-20 min. The infusion was then stopped or 
infusion of saline was substituted or the infusion of ADR or NOR-A was con- 
tinued at a lower rate for a further period of 15-20 min. Uptake of I was 
seen to begin again, usually within 1 or 2 min of stopping or reducing the rate 
of infusion, although in some experiments, in which large doses (16 or 32).g/ 
min) of NOR-A were administered, recovery of uptake was delayed for as long 
as 30 min. Typical experiments are shown in Figs. 2 and 3, and the results of 
experiments on eleven rabbits are shown in Table 1. Complete inhibition of 
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drenaline, 
2 ug/min 


20 40 60 0 40 i i 
Minutes after injection of Minutes of 
Fig. 2. Fig. 3. 

Fig. 2. The effect of continuous ol bitartrate (2 4g/min, 0-036 ml./ 
min) on the rate of uptake of "I by the thyroid of a conscious rabbit. After Stopping the 
infusion the uptake proceeds more rapidly than in the initial control period. 

Fig. 3. The effect of noradrenaline bitartrate administered by continuous intravenous infusion 
on the uptake of "I in a conscious rabbit. 
stopping the infusion. (Compare Fig. 2.) 


TaB.e 1. The effects of adrenaline and noradrenaline administered by continuous intravenous 
adrenaline 


g/min Conscious (C) 
Compound }4 1 2 4 8 16 _ 32 (An.) 
effect 
A — Slowed Stopped — _ C 
A — No Stopped — 
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A — Stopped — | 
slowing | 
A — No — Stopped — 
effect 
A Slowed Slowed Stopped An 
A Slowed Slowed Stopped — — _ _— An 
A No — Stopped An 
effect’ 
N No — Slight Slight Slowed Marked -—- C= 
effect slowing slowing  slowin 
N — — ‘No — Slight Slowed Nearly C 
effect slowing stopped 
N — — — No No Slowed Stopped C 
effect effect | 
N — — — No — Stopped C 
effect 
N — No dni —_ No Slowed Stopped An 
effect effect | 
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uptake was produced by 2ug/min of ADR in three experiments and by 4,¢/ 
min in a further three experiments. 1yg/min gave rise to marked slowing of 
uptake in one experiment. In contrast, 16ug/min NOR-A were required to 
inhibit completely the uptake of “I in two experiments and 32yg/min in a 
further two experiments. 


Administration of adrenaline and noradrenaline by continuous intravenous 
infusion to anaesthetized rabbits 

‘Se these experiments similar rates of infusion (ml./min; »g/min) were used as 
in conscious animals; the time relationships of the inhibition were the same as 
in conscious animals. The results of six experiments on six rabbits are shown 
in Table 1. In three experiments 2ug/min ADR completely and reversibly 
inhibited uptake. In one experiment 16g/min and in two other experiments 
32yg/min NOR-A were necessary to inhibit uptake completely. The ‘inhibi- 
tory’ dose of ADR and NOR-A was found to be essentially the same in anaes- 
thetized as in conscious animals. There was a marked difference in the dosage 
of ADR and NOR-A necessary to produce the inhibition of uptake. The effect 
on blood pressure of the inhibitory dose of ADR.and NOR-A was studied, and 
in addition the appearance of the thyroid gland during infusions was observed. 


The effects of adrenaline and noradrenaline on blood pressure 


Two rabbits were anaesthetized and the blood pressure recorded, using a 
mercury manometer attached to a cannula tied into the femoral artery. It was 
found that continuous intravenous infusion of up to 2ug/min ADR had no 
effect on either the systolic or diastolic B.P., while 44g/min raised both systolic 
and diastolic blood pressures by 5-10 mm Hg. Infusion at 8ug/min produced 
a rise of approximately 20 mm Hg. Noradrenaline in a dose of 0-54g/min had 
no effect on the blood pressure, but 1jg/min produced a rise of 5-10 mm Hg 
and 2g/min produced a rise of 10-20 mm Hg in these rabbits. At rates of 4-8 
g/min the rise in systolic and diastolic blood pressure was 35 mm Hg or more. 
In view of these striking effects larger doses of noradrenaline were not given. 
Infusions of adrenaline at rates sufficient to inhibit completely the uptake of 
131] by the thyroid had no effect on blood pressure, whereas doses of nor- 
adrenaline that had no effect on the rate of uptake of I produced marked 
rises in the blood pressure. 


Direct observation of the thyroid gland 
The thyroids of five animals were exposed under anaesthesia, care being taken 
to avoid any disturbance of the blood supply of the gland and its surrounding 
structures, and the thyroids were observed and photographed. The effects of 
continuous intravenous infusion of ADR and NOR-A were studied. Adrenaline 
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at the rate of 24g/min produced an obvious paling of the gland. At rates of 
4 or 8ug/min, in addition to a well-marked pallor, a visible shrinkage of the 
thyroid with the concomitant appearance of a well-marked lobular pattern 
was observed. Vasoconstriction could be seen best in the region of the isthmus. 
Adrenaline in the dosage used produced no visible effect in the pre-tracheal 
muscles. It was noted that this change occurred within 15-25 sec of beginning 
the infusion of ADR. Noradrenaline, on the other hand, in rates up to 16yg/ 
min produced no visible changes in the thyroid, but pallor of the pre-tracheal 
muscles and increased pulsation in the visible arteries. Infusion at 32.g/min 
produced a pallor of the gland. In view of reports of swelling of the thyroid in 
man during noradrenaline infusions, or in cases of noradrenaline-secreting 
phaeochromocytoma (Menof, 1954) a similar effect was looked for in the rabbit 
but was not observed. 


The effects of reflex stimulation of the adrenal medulla 
From the data given by West (1950) the rate of secretion of pressor amines 
(mainly adrenaline) during maximal splanchnic stimulation in the rabbit is 
equivalent to 1-2yg/min of adrenaline base. The rate of infusion necessary to © 
inhibit uptake in the experiments reported in the present work was 2-4.g/min 
of bitartrate (the equivalent of 1-2,.g/min adrenaline base). It seemed possible, 


_ therefore, that reflex stimulation of the adrenal medulla in the rabbit might 


also be capable of inhibiting the uptake of "I by the thyroid. This possibility 
was investigated in the following experiments. 

The effect of insulin on the uptake of I in the conscious rabbit. Insulin is well 
known to produce a selective release of adrenaline from the adrenal medulla of 
the normal animal (West, 1951; Hékfelt, 1953; Hillarp & Hokfelt, 1954). The 
effect of a large dose of insulin (32 units/kg body weight), injected subcu- 
taneously, on the rate of uptake of I was studied. This dosage of insulin 
was chosen since non-starved adult rabbits of the weights used are relatively 
insensitive to insulin as compared with younger animals (1-1-5 kg) fasted 
overnight (West, 1951). 

In six experiments in which insulin was injected 60-70 min after the ™I 
the uptake was inhibited after 30-70 min in five experiments. In four instances 
this inhibition was reversed after 45-60 min by the administration of glucose 
3 x 0-5 g subcutaneously and intravenously, whilst in the 5th case recovery 
occurred spontaneously after 40 min of inhibition. In one experiment a second 
dose of insulin was requj 00 min after the first to produce an inhibition 
in uptake. This too was reversed by glucose after 45 min. One of these experi- 
ments is illustrated in Fig. 4. The blood sugar changes in two normal rabbits 
during the period of a normal uptake and after insulin are shown in Fig. 5. In 
four rabbits in which 0-9 % NaCl solution of a volume equivalent to 32 units/kg 
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body weight of the insulin (20 units/ml.) was injected subcutaneously as in 
the insulin experiments, no effect on the rate of uptake was observed. 

The effect of laparotomy on the rate of uptake of 1. Surgical trauma is known 
to cause an increase in adrenaline secretion (von Euler, 1954). Thirteen experi- 
ments were performed on anaesthetized rabbits which were subjected to 
‘laparotomy’, as described under ‘Methods’, 20-80 min after beginning an 
uptake measurement. In six out of thirteen experiments there was either a 
complete inhibition or a very marked reduction in the rate of uptake of 1], . 
beginning at 25—40 min after the skin incision. The uptakes were followed for 
further periods of 60-100 min after the abdomen had been closed, and in no 
case in which there was an inhibition was there any evidence of recovery. In the 
seven rabbits in which no effect was observed there was no obvious explanation 


Saline/insulin 
10015 
t > 80 
E 
4 40} 
“eo wo 
0 40 80 120 160 220 ¥ 80 120. 160170 
Minutes after injection of '"| Time in clamp (min) 
Fig. 4. Fig. 5. 
Fig. 4. The effect of insulin (32 u./kg body weight subcutaneously) and glucose on the uptake of 
181] in the ious rabbit. 


Fig. 5. Blood sugar changes in conscious normal and operated animals under the conditions of an 
uptake experiment. The effects of saline injection and of insulin (32 u./kg body weight) plus 
glucose are shown. The animals were placed in the clamp at 0 min. N, normal animal; DN, 
Adrenal-denervated; DM, Adreno-demedullated ; -—, saline; — - — - - » insulin and glucose. 


for this finding. It does not appear to be related to the time of the operation 
from the beginning either of Anaesthesia or of the uptake curve, nor to the 
duration of laparotomy. A clear airway was maintained in every case so that 
the factor of anoxia does not have to be considered. Variation in the depth of 
anaesthesia cannot be excluded, but all animals were in deep surgical anaes- 

thesia, and care was taken to maintain a uniform degree of anaesthesia in all 
experiments. The results of these experiments are shown in Fig. 6A and B. 

The inhibitory response to laparotomy was observed unequivocally in six out 
of thirteen animals. There seems no doubt that it was causally related to the 
laparotomy, as in six experiments in which uptake of 1*"I was measured under 

identical conditions without laparotomy, no change in the rate of uptake w«s 


observed over the same period (0-160 min) during which the laparotomy exper'- 
ments were performed (Fig. 6C). 
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The role of the adrenal medulla in the response to insulin and laparotomy 


Adrenaline was found to be approximately eight times as effective as nor- 
adrenaline in inhibiting the uptake of "I in both conscious and anaesthetized 
animals. The stimuli observed to produce inhibition of uptake in this work are 
known to bring about an activation of the adrenal medulla, and in the rabbit 
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Fig. 6, A-C. The "I uptakes of thirteen anaesthetized rabbits in experiments during which a 
‘laparotomy’ was performed as described in the text. The solid line denotes uptake before 
and after laparotomy, whilst the broken line indicates the uptake during the laparotomy. 
A, uptakes in six rabbits in which a positive response was observed. B, uptakes in seven rabbits 
which failed to respond. C, control uptakes under anaesthesia without laparotomy. In these 
figures the uptakes are tracings of the smoothed curves drawn through points representing 
readings at 1 min intervals throughout the experimental period for each animal. 
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adrenaline is the major component in the secretion of the adrenal medulla 
(West, 1950). Thus it seemed more likely that the adrenal medulla, rather than 
the local sympathetic supply to the thyroid, would be essential for reflex 
inhibition of uptake to occur. Experiments were therefore performed on three 
animals in which the adrenals were denervated and five in which the adrenals 
were demedullated. 

Effect of insulin. The experimental procedure was the same as in normal 
animals. Duplicate experiments were performed on two of the denervated 
animals and one experiment on the third. One experiment was performed on 
each of the demedullated animals. A control uptake was performed on every 
animal; before the insulin experiment in two animals and after in six animals. 
In five experiments in the three denervated animals, although there was a 
gradual reduction in the rate of uptake beginning about 30 min after insulin 
had been given, yet in no case was there a complete inhibition, and in no 
instance did the administration of glucose have any effect on the rate of 
uptake. Further, control experiments on each animal showed a similar falling 
off at the same time during the course of the experiment. 

In five experiments in the five demedullated animals, insulin in three of these 
did not produce any demonstrable effect on the rate of uptake as compared with 
the control experiments (Fig. 7). There was, however, a gradual falling off in 
the rate of uptake in both the control and insulin experiments similar to that 
seen in the denervated animals. In none of these experiments did the admini- 
stration of glucose produce any effect on the rate of uptake. In one experiment, 
insulin produced a complete inhibition of the uptake which lasted from 80 to 
180 min and was not reversed by glucose. The control experiment in this animal 
showed only a very gradual falling off, although up to the time of insulin 
administration the two were indistinguishable. In the fifth experiment there 
was an inhibition of uptake and this was reversed, as in normal animals, by 
giving glucose. The control uptake did not show this effect. The blood sugar 
changes during the period of a control uptake and after insulin in two of these 
rabbits are shown in Fig. 5. 

Effect of laparotomy. Control uptakes under anaesthesia and uptakes during 
which the animals were subjected to laparotomy were performed on the three 
animals with denervated adrenals and three of the demedullated animals. In 
one demedullated animal only an uptake with laparotomy was performed. In 
three cases control uptakes were carried out before laparotomy and in the 
remaining three the order was reversed. The laparotomy procedure was identi- 
cal with that used in the normal animals. 

In three animals with denervated adrenals and in three demedullated animals 
no change in the rate of uptake comparable with that seen in normal animals 
was observed to follow laparotomy (Fig. 7). Thecontrol uptakes were at a 
rather lower level throughout in four cases, the same in one and higher in the 
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sixth instance. The relative levels of the two uptakes were not related to the 
order in which the experiments were performed. One demedullated animal 
(that which showed a positive response to insulin, reversed by glucose) showed 
a response to laparotomy typical of the normal animal. Unfortunately no 
control uptake was possible on this animal. Although a positive response to 
laparotomy was not obtained in seven out of thirteen normal rabbits tested, 
the failure to obtain a response in six out of seven operated animals is highly 
suggestive evidence that the adrenal medulla plays an essential role in the 
response to laparotomy. 


6r 
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Fig. 7. A, the uptake of #41 by the thyroid of a conscious adreno-demedullated rabbit. A control 
experiment and one in which insulin was injected areshown. B, the effect of laparotomy on the 
uptake of I by the thyroid of an adrenal-denervated rabbit, with a control uptake under 
anaesthesia. I, insulin 32u./kg, subcutaneously; G, glucose, 0-5 g subcutaneously, and 
1 +1 g, intravenously. The broken line indicates the uptake during laparotomy. 


Blood sugar changes. The bloodsugar concentration was determined between 
5 and 9 min after placing the conscious rabbit in the clamp as for an uptake 
experiment and again between 40 and 50 min. In four of five experiments on 
five normal rabbits, an increase in the blood sugar concentration was observed. 
In six experiments on six operated animals, no change or a decrease was ob- 
served. One demedullated animal (rabbit 144) tested previously had shown an 
increase, but a decrease occurred on the second occasion. The blood sugar 
values in these experiments are shown in Table 2. The findings are suggestive 
of deficient adrenomedullary function in the operated group. 

Histological examination of the demedullated adrenals revealed no recog- 
nizable medullary tissue in any of these animals. The experimental results, 
and post-mortem findings on all the operated animals are summarized in 
Table 3. 
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Taste 2. Initial and final blood sugar levels (mg/100 ml. mean of duplicate determinations) 
of animals placed in clamp. N, normal; DN, adrenal denervated; DM, adreno-demedullated 


Blood sugar (mg/100 ml.) 
No. Status Initial Final 
151 N 103 115 
152 N 97 114 
154 N 113 109 
157 N 101 107 
162 N 98 116 
115 DN 88 88 
118 DN 112 90 
122 DN 99 
123 DM 97 93 
143 DM 93 91 
144(1) DM 107 144 
144(2) DM 97 91 


histological findings 


Response to 
Rabbit no. Operation insulin laparotomy Hyperglycaemia findings 


(i) None No nerve fibres 
115 Denervation Ne None None 
118 Denervation None None No nerve fibres 
seen 
122 Denervation None None None No nerve fibres 
seen 
123 Demedullation None None None No medullary 
142 Demedullation + + - No medullary 
tissue seen 
143 Demedullation Doubtful None None No medullary 
tissue seen 
(i) Yes No medullary 
144 Demedullation None None (ii) None 
145 #§$Demedullation None ~ No medullary 
tissue seen 


The possible role of the anterior pituitary gland in these responses 

Previous studies (Brown-Grant & Gibson, 1955a) have shown that the rate 
of uptake of "I by the tabbit thyroid is influenced by the degree of TSH stimu- 
lation. The response of the thyroid to variations in TSH was found, however. 
to be relatively sluggish (see discussion). These experiments did not exclude 
the possibility that over a period of minutes or hours the rate of uptake could 
be influenced by variations in the concentration of circulating TSH. This pos- 
sibility was therefore examined. . 

Thyrotrophic hormone (900yug v.s.P. equivalent in 0-9 ml.) was injected in 
nine experiments in seven rabbits, usually between 50 and 70 min after the 
injection of “I and in one case at 135 min. In three cases the injection was 
subcutaneous, and in six experiments (including duplicate experiments in two 
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animals) the TSH was given intravenously. The subsequent uptake was 
followed for an average period of'90 min (60-135 min), and in no instance was 
any increase in the rate of uptake observed. 


DISCUSSION 


The uptake of radio-iodine by the thyroid of the conscious or anaesthetized 
rabbit can be inhibited reversibly by the administration of either adrenaline or 
noradrenaline. The dose of adrenaline, given by continuous intravenous infu- 
sion, necessary to produce complete inhibition in most cases was 2.g/min of the 
bitartrate (approximately equivalent to lug/min of adrenaline base). This 
result confirms the findings reported earlier by Reiss (1953), and Haigh et al. 
(1954) in rabbits anaesthetized with sodium pentobarbitone. This dose has no 
effect on the systemic blood pressure in the anaesthetized rabbit, but was 
seen to produce an intense vasoconstriction of the thyroid. The effects of 
adrenaline on thyroid blood vessels were first studied in detail by Gunning 
(1917) and Mason, Markowitz & Mann (1930). Gunning, working with dogs, 
demonstrated the extreme sensitivity of the thyroid blood vessels to adrenaline, 
and showed that a dose of adrenaline that produced an intense vasoconstric- 
tion of the thyroid did not have any effect on the blood pressure. He also noted 
that a transient hyperaemia of the thyroid might follow adrenaline infusion. 
An acceleration in the rate of uptake following ADR infusion has been observed — 
occasionally in the present work (see Fig. 2). 

It was found that the dose of noradrenaline necessary to produce a complete 
inhibition of uptake was eight times as great as that of adrenaline; even one- 
half or one-quarter of the ‘inhibitory’ dose of noradrenaline produced gross 
elevation of the blood pressure. 

The inhibitory dose of noradrenaline cannot be considered a physiological 
one. It is of interest that the relative potencies of ADR and NOR-A in this — 
respect are similar to their relative abilities to affect blood sugar, blood potas- 
sium and oxygen consumption and to bring about a reflex discharge of pituitary - 
adrenocorticotrophic hormone (Graham & James, 1952; von Euler 1952, 1954; 
Madison, 1950; and Jarret 1951). 

It seemed likely that endogenous adrenaline could produce a similar inhibi- 
tion of 1 uptake, as from the data of West (1950) it appears that the rabbit 
adrenals during maximal splanchnic stimulation are capable of secreting 
between 1 and 2ug/min of adrenaline base. Insulin is known to cause a reflex 
release of adrenaline in the rabbit (West 1951), as in other species; and surgical 
trauma is known to cause an increased urinary excretion of adrenaline (von 
Euler, 1954). Large doses of insulin were found to produce an inhibition in 
uptake which could be reversed by the administration of glucose. Laparotomy 
was found to produce a decrease in the rate of uptake in six out of thirteen 


experiments. A possible explanation of the failure to produce uniform results 
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in the rabbits in which laparotomies were performed is that this procedure 
does not provide a maximal stimulus to adrenaline secretion, an explanation - 
that is supported by the fact that in those rabbits with the fastest rates of up- 
take, the inhibition, though marked, was not complete (Fig. 6A). 

The observation that adrenaline was markedly more effective than nor- 
adrenaline in inhibiting the uptake of I suggested that the adrenal medulla, 
rather than the local sympathetic supply to the thyroid, would be essential 
to the reflex inhibition of uptake produced by insulin and laparotomy. 
Adrenaline is generally regarded as an adrenomedullary hormone, whereas 
noradrenaline is considered to be the chemical transmitter at the sympathetic 
nerve endings (von Euler, 1954). In three adrenal denervated and three adreno- 
demedullated animals no response to insulin was obtained; and in three dener- 
vated and three demedullated animals no response to laparotomy was obtained. 
No experiments were performed on cervically sympathectomized animals, but 
in a small number of experiments on animals in which the thyroid had been 
transplanted to the subcutaneous tissues of the ear or over the vertex of the 
skull it was found that in conscious animals a decrease in the rate of uptake of 
131[ followed any disturbance of the animal such as a sudden noise (Brown- 
Grant & Gibson, unpublished observation). This phenomenon may be the 
result of a hypersensitivity of the denervated thyroid to circulating adrenaline. 

The role of the anterior pituitary gland in the reflex inhibition of uptake was 
considered. However, in previous work (Brown-Grant & Gibson, 1955a), it 
was found that such procedure as hypophysectomy and the administration of 
thyroxine produced a significant, but never complete, inhibition of uptake only 
after periods of 1-10 days. It seems unlikely therefore that complete inhibition 
of uptake occurring within an hour, or even more rapidly, could be mediated 
by the anterior pituitary. Further, in experiments in which TSH was admini- 
stered subcutaneously or intravenously in large doses there was no effect on 
the rate of uptake during the 1-2 hr period after injection. Similarly, although 
adrenocortical activation was presumably elicited in the insulin and laparotomy 
experiments, it has been shown in the paper referred to above that large doses 
of cortisone produced only a moderate reduction in the uptake of radio-iodine 
by the thyroid, the time relationships being similar to those observed in the 
experiments with thyroxine. 

It is clear that the reflex release of endogenous adrenaline, in the rabbit at 
least, is capable of altering very markedly the rate of uptake of iodine by the 
thyroid gland. Many reports have appeared in the last few years of a reduced 
uptake of J by the thyroid gland of rats exposed to acute ‘stresses’ of 
various types (Williams ef al. 1949; Paschkis, Cantarow, Eberhard & Boyle, 
1950; Bogoroch & Timiras, 1951; Hamolsky, Gierlach & Jensen, 1951; van 
Middlesworth & Berry, 1951; Wase & Repplinger, 1953). Similarly, a reduc- 
tion in the thyroid blood clearance rate has been observed in rabbits subjected 
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to emotional ‘stress’ induced by restraint (Gibson, Harris & Skynner, 1954, 
unpublished observations). In view of the work presented here it is clear that 
the role of the adrenal medulla must be considered when evaluating these 
findings. Badrick, Brimblecombe, Reiss & Reiss (1954), have also emphasized 
the importance of vascular factors in their findings of reduced 44 uptake by 
the rat thyroid in acute ‘stress’. In their discussion, however, they prefer to 
attribute their findings to the release of ‘ vasoconstrictor substances’, and not 
to adrenaline as they were able to elicit the response in adrenalectomized 
animals, The work presented here suggests that adreno-medullary adrenaline 
is the primary factor in rabbits under the conditions of our experiments. It 
may well be that the initial response of the thyroid gland to ‘stress’ is under 
adreno-medullary control and merges with the phase where a presumed decrease 
in pituitary TSH secretion causes a reduction in the rate of release of thyroid 
hormone (Brown-Grant, Harris & Reichlin, 1954). The fact that in the 
absence of the adrenal medulla or of the local sympathetic nerve supply to the 
thyroid, inhibition of the release of thyroid hormone occurs within 4 hr of the 
application of a ‘stress’ (Brown-Grant et al. 1954), does not preclude the 
participation of an adreno-medullary phase in the initial stages of the thyroid 
response to ‘stress’ in the normal animal. 

It is difficult, however, to assess the significance of these findings in terms of 
the true endocrine function of the thyroid, i.e. the supply of an appropriately 
regulated amount of thyroid hormone to the body. Although vascular factors 
may be of great importance in the interpretation of measurements of thyroidal 
iodine uptake as an index of thyroid activity, it appears unlikely that they 
have a major role in the control of thyroid fuhction, both because of their 
relatively transient nature and of the effect of ‘stress’ on the rate of release of 
thyroid hormone in the absence of the adrenal medulla. 


SUMMARY 


1. The uptake of radio-iodine by the thyroid gland of conscious or anaes- 
thetized rabbits has been studied over the period up to 4 hr after intravenous 
injections of 131]. 

2. The effect of adrenaline and noradrenaline on the rate of uptake was 
studied in conscious and anaesthetized animals. When administered by con- 
tinuous intravenous infusion 2-4.g/min of adrenaline bitartrate produced a 
complete inhibition of uptake; 16-32,.g/min of noradrenaline bitartrate were 
required to produce this effect. Adrenaline in this dosage was observed to 
cause marked vaso-constriction of the thyroid, without gross changes in sys- 
temic blood pressure. haope 

3. Insulin (32 u.j/kg body weight) resulted,* after about 50 min, in an 
inhibition of uptake that was reversed by glucose administration. 
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4. Surgical trauma reduced the rate of uptake in six of thirteen experiments. 

5. The inhibitory response to insulin or surgical trauma was abolished 
in three adrenal-denervated and in four out of five adreno-demedullated 
animals. 

6. The release of adrenaline from the adrenal medulla may exert a marked 
effect on the uptake of 1 by the thyroid. The implication of this finding is 
discussed. 
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THE EFFECT OF PITUITARY STALK SECTION ON LIGHT- 
INDUCED OESTRUS IN THE FERRET 


By B. T. DONOVAN* anv G. W. HARRIS 
From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hosyital, London, 8.E. 5 


(Received 18 May 1955) 


Exposure of normal anoestrous ferrets to extra (artificial) illumination during 
winter induces an oestrous state (Bissonnette, 1932). This reaction does not 
occur in the blinded (Bissonnette, 1935, 1938), or hypophysectomized (Hill & 
Parkes, 1933) animal. From this and other data it is clear that the stimulus 
of light acts via the retina and optic nerve fibres to excite, in some way, the 
secretion of follicle-stimulating hormone (FSH) from the anterior lobe of the 
pituitary gland. 

Several attempts have been made to determine the anatomical pathway 
involved between the optic nerves and the pars distalis of the hypophysis 
(Clark, McKeown & Zuckerman, 1939; Thomson, 1951, 1954). On general 
grounds (Harris, 1948) it seems likely that the hypothalamus and pituitary 
stalk would form part of this path. However, there are data contrary to this 
view. Burger (1949) mentions that the sexual activation induced by artificial 
long days was not lost in the stalk-sectioned ferrets studied by Bissonnette 
(1938), but gives no information concerning post-mortem studies. Thomson & 
Zuckerman (1953, 1954) have recently reported that complete interruption of 
the pituitary stalk in the ferret does not necessarily prevent the occurrence of 
oestrus following extra illumination in winter. 

If the hypothalamus and pituitary stalk are implicated in the light-induced 
oestrous response of the ferret, it is probable that it is the vascular component 
of the stalk, viz. the hypophysial portal vessels, which is responsible for trans- 
-mitting the stimulus to anterior pituitary tissue (see Harris, 1948; Harris & 
Jacobsohn, 1952). Since these vessels are known to regenerate in a large 
proportion of animals after simple stalk section, and since valid procedures to 
control any such regeneration do not seem to have been undertaken in studies 
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of the light response of the stalk-sectioned ferret, the problem was re-in- 
vestigated. The present results do not confirm those of Thomson & Zuckerman 
(1953, 1954). 7 

METHODS 


Female albino ferrets, of 280-780 g body weight, were fed on a controlled diet of bread, meat, 
milk, yeast, cod-liver oil and a salt mixture. Three groups of animals were studied : (a) four animals 
in which the pituitary stalk was exposed but not damaged; (b) six animals in which the pituitary 
stalk was exposed and cut; and (c) fourteen animals in which the pituitary stalk was exposed, cut, 
and a relatively large waxed paper plate inserted between the pituitary gland and hypothalamus. 
After operation these animals were exposed to extra illumination during the winter months of 
1953-4 and the development of any oestrous response observed. 

Operative technique. The pituitary stalk was exposed by a temporal route. Under anaesthesia 
with pentobarbitone sodium (36 mg/kg body wt., 1.P.) the animal was immobilized on its left side 
on an animal board. The temporalis muscle was fully exposed by a vertical skin incision made from 
the mid-line of the head superiorly to the posterior end of the zygomatic arch inferiorly (Text- 
fig. la). A T-shaped incision in the temporalis muscle enabled it to be split, and the two halves to 
be separated from the skull and retracted anteriorly and posteriorly (Text-fig. 1b). A large 
area of skull was then removed (Text-fig. 1c), care being taken to leave the dura intact and to 
control any oozing of blood with bone wax. The dura was next cut, so as to provide flaps to 
cover the margins of the bone. The further stages in the operation were performed with the 
aid of a head lamp and with the ferret placed in an inverted position, thus utilizing the effect 
of gravity in separating the brain from the base of the skull. After slow retraction of the temporal 
lobe of the brain a wide view of the hypothalamo-hypophysial region was obtained, the main 
features of which are shown in Text-fig. 1d. When the hypothalamus, pituitary stalk and gland, 
and surrounding structures were all clearly visible, the stalk was transected with the aid of a small 
hook or knife. In animals in which the operation of simple stalk section was performed, the com- 
pleteness of the operation was controlled by sweeping a blunt probe widely across the upper surface 
of the pituitary gland and observing the two separately movable ends of the stalk, by passing 
cotton-wool pledgelets over the gland and“removing them between the two internal carotid 
arteries, or by inserting a large paper plate between the hypothalamus and pituitary gland and then 
removing the plate. The waxed paper plates used in some Of these animals, and in others in which 
the plates were left permanently in position, were inserted first between the optic nerves and 
skull base, in a position anterior to the internal carotid arteries. The plates were then gently pushed 
in a caudal direction, between the arteries, so that about two-thirds of the plate was situated in a 
plane posterior to. the internal carotids. The dimensions of these plates (5 x 3 mm) were such that 
they almost completely spanned the distance between the two arteries and formed a wide barrier 
between the hypothalamus and pituitary gland (see Pl. 1, figs. 1-4, and PI. 4, figs. 14, 16). The 
operation was completed by replacing the dural flaps over the brain, suturing the temporalis 
muscle to cover the exposed dura and brain and closing the skin wound with interrupted sutures. 
Injections of 40,000 units penicillin and 50 mg streptomycin (‘Seclomycin’, Glaxo Laboratories 
Ltd.) were given at operation and occasionally on the following day. Recovery was uneventful 
and no disabilities were observed. At eventual autopsy the wound was found to be well and 
cleanly healed in all cases. Some adhesion of the brain to overlying muscle or to the skull floor was 
occasionally seen, as was slight dilatation of the lateral ventricle on the operated side. 

Lighting conditions. The animals, in individual cages, were kept under general animal house 
conditions until 26 October 1953 when they were all observed to have shrunken vulvae. At this 
time they were placed under the experimental conditions of prolonged illumination. Each animal 
was placed in a shadow-less cage on a rack, and was illuminated solely by a 40 W Mazda Daylight 
Type MCF/U fluorescent lamp (Hart, 1951), placed at a distance of 67 cm from the floor of the 
cage (Pl. 2, fig. 5). The lighting was automatically switched on and off at 8.00 a.m. and midnight 
respectively. The cages contained a shallow layer of sawdust or wood shavings and were screened 
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one from the other. The ferrets in the three different groups were distributed at random in the 


racks. Each animal was weighed and examined, and the condition of its vulva and eyes noted, at 
weekly intervals. No case of cataract was observed. 

Autopsy and histological procedures. The first animal was killed on 13 January 1954 and the last 
on 25 February 1954. Four hours before death each animal was injected subcutaneously with 3 yc 
of **], and placed in a glass tank in order to collect any excreta. After killing with chloroform a 
sample of blood was drawn from the inferior vena cava into a syringe containing a small quantity 
of solid heparin, any urine in the bladder was collected, and the ovaries, reproductive tract and 
adrenal glands removed. The vascular system was then perfused with at least 200 ml. of diluted 
Mandarin Black indian ink (Winsor & Newton; 1 part indian ink to 3 parte distilled water), 
injected toward the heart through the abdominal aorta. After removal of the thyroid gland, the 
thyroid, adrenals, ovaries and uterus were freed from extraneous tissue and weighed. These 
tissues, except for one lobe of the thyroid gland which was weighed separately and used for 
radioactive assay, were fixed in Zenker’s solution, dehydrated, embedded in paraffin wax and 


\ = 


Text-fig. 1. Illustrating the temporal approach. The diagrams show: (a) The method of immobilizing 
the head and the skin incision. The nose is passed through a wire loop in the operating board 
and the jaws secured with tape. (6) The exposure and incision in the temporalis muscle. 
S., sagittal crest of the skull. (c) The exposure of the cerebral hemisphere. (The flaps of dura 
mater are not shown.) S., sagittal crest of the skull; M., temporalis muscle. (d) The view of 
the hypothalamo-hypophysial region following inversion of the ferret and retraction of the 
temporal lobe. H., hypothalamus; J.C., internal carotid artery; M.B., mammillary body; 
O.N., oculomotor nerve; 0.7’, optic tract; P.G., pituitary gland; P.S., pituitary stalk; 
R., retractor; 7'.C., tentorium cerebelli. 
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sectioned at a thickness of 104. The sections were stained with haematoxylin and eosin. After 
careful examination of the operation site and removal of the calvarium, the head was fixed in 
10% formalin, decalcified in a mixture of 40% formic acid and 7%, sodium formate (Engelbreth- 
Holm & Plum, 1951) and a block of tissue comprising the hypothalamic region and skull base 
dehydrated, embedded in low viscosity nitrocellulose and serially sectioned in the sagital plane at 
a thickness of 130-200. Indian ink was not perfused through the vascular system of two an- 
oestrous ferrets (56 and 59), but instead the heads were dissected and the position of the plates 
directly observed. The hypophyses were fixed in situ with Susa’s solution, and serial sections 
stained by the Heidenhain-Azan technique. 

Treatment of radioactive samples. One lobe of each thyroid gland was dissolved in 2n-NaOH 
and the volume made up to 3 or 6 ml. with distilled water. The blood samples were centrifuged and 
the plasma separated. The urine samples were diluted to a known volume with distilled water. 
The radioactivity of the solutions so obtained was measured, using a Labgear scaler and an end- 
window counter. Two aliquots of each solution were counted and after correction for isotope decay 
the counts were converted into microcuries by means of a calibration curve obtained from measure- 


_ ments of the activity of the original sample of radioactive iodine. 


Measurement of ‘ pituitary volume’. The relative volumes of the pituitary glands, and of the 
anterior and posterior lobes, were measured in the different animals by the ‘ paper weight’ method. 
The image of the hypophysis in each section of a series was projected on to a sheet of paper and 
the outlines traced. The outlines of each series from a pituitary gland were accommodated on a 
single sheet of paper, and each series was traced three times using three separate sheets. By cutting 
out the demarcated areas of paper, and weighing them, figures were obtained related to the volume 
of pituitary tissue, and of the two lobes, in individual glands. The weights for each gland, and the 
average values for the three groups of animals, are given in Table 1. 

Other observations. The water consumption of some ferrets was measured daily for a 16-day 
period, with the intention of determining whether the stalk-sectioned animals developed a state 
of diabetes insipidus. To see whether ovulation would follow copulation in the stalk-cut animals 
attempts were made to mate five of the oestrous females. Since males were not exposed to the 
increased illumination only sexually quiescent males were available for this purpose, and copula- 
tion was never observed to follow the sporadic sexual activity. Pairs were occasionally left 
together overnight. 


RESULTS 


Development of oestrus 
Twelve ferrets out of the twenty-four developed an oestrous state, as judged 
by vulval swelling, within 2-7 weeks from the start of exposure to increased 
illumination. The other twelve animals remained anoestrous till killed after 
14-18 weeks of exposure. As is shown in Text-fig. 2, all four blank-operated 
ferrets, five of the six simple stalk-sectioned animals and three of the fourteen 
ferrets with paper plates inserted became oestrous. 


Hypothalamo-hypophysial region 
Blank-operated animals. The four animals in which the pituitary stalk was 
exposed but not damaged provided a basis of comparison for the stalk-cut 
animals, The typical appearance of the region may be seen in Pl. 3, fig. 6. It is 
evident that the ferret possesses a poorly developed primary plexus, and the 
capillary loops passing up into the median eminence are few. However, well- 
marked portal vessels run caudally along the stalk to enter the anterior pole 
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of the gland. The normal infundibular process (posterior lobe) is large and a 
prominent cleft separates this structure from the pars distalis. 

Simple stalk-sectioned animals. Five of this group of six ferrets became 
oestrous and in all five substantial vessels were observed to connect the median 
eminence of the tuber cinereum and the pars distalis of the pituitary (PI. 3, 
fig. 8). The neural lobe of the pituitary in these animals was markedly atrophic, 


Weeks under 


Stalk cut and plate 


Stalk cut only 


Text-fig. 2. Illustrating the onset of oestrus in the three groups of animals. 


and found to be vascularized only in the central region. The pituitary stalk 
often appeared swollen at the site of stalk section, possibly due to scar forma- 
tion though special neuroglial stains were not used to investigate this point. 
The pars distalis was in all cases seen to be well supplied with blood vessels 
which formed a dense plexus throughout this part of the gland. 

Sections through the hypothalamic region of one animal in this group (ferret 
26) which failed to become oestrous revealed very few, if any, vessels connecting 
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the well-marked vascular fields of the median eminence and the anterior 
pituitary gland (PI. 3, fig. 10). 

Stalk-sectioned animals with plates. Three of the fourteen animals in which 
the pituitary stalk had been cut and a paper plate inserted between the stalk 
ends became oestrous. In each of these three animals microscopic examination 
showed that the plate had been misplaced (in two being too far forward 
(Pl. 4, fig. 12) and in one being placed obliquely) and that vessels were present 
connecting the median eminence and the pars distalis around the border of the 
plate. 

Eleven animals in this group remained anoestrous for the duration of the 
experiment. In two of these ferrets the position of the paper plate was in- 
vestigated by dissection only, and in both cases the plate was found to be 
situated squarely over the pituitary gland and sealed to the skull floor by fibrous 
tissue (PI. I, figs. 1, 3). In the remaining nine animals microscopic examination 
showed the plates also well situated. In each case it intervened over a wide area 
between the hypothalamus and pituitary gland, forming an effective barrier 
to regeneration of the hypophysial portal vessels (Pl. 4, figs. 14, 16). The only 
possible vascular connexions between the median eminence and the anterior 
pituitary gland consisted of a few fine capillaries running in the fibrous tissue 
surrounding the plate (as shown in PI. 4, fig. 14). 

In all animals in this group injected with indian ink and examined micro- 
scopically, the median eminence contained a prominent primary plexus, the 
anterior lobe was well vascularized and the posterior lobe was atrophic and 
vascularized only in its central zone. 


Volume of the hypophysis 

The results of the measurements of the relative hypophysial volumes are 
given in Table 1, These data show that a marked atrophy of the posterior lobe, 
and a slight reduction in size of the anterior lobe, follows stalk section in the 
ferret. It may be noted that the volume of anterior pituitary tissue present 
in the animals that remained anoestrous appears to be greater than in the 
animals that developed oestrus. This is probably without significance since the 
volume of posterior lobe tissue in the two groups is in a similar proportion. 


Ovaries 

The ovaries of the oestrous and anoestrous ferrets showed marked differences 
both in weight (Table 2) and in macroscopic and microscopic appearance. In 
the oestrous group the ovaries showed large follicles. One of the oestrous 
females (ferret 21), placed with a male, was found to have ovulated. None of 
the ovaries from the other animals showed luteinization. The ovaries of the 
anoestrous ferrets were small, atrophic structures which contained primordial, 
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but no antral, follicles. The ovaries of a normal anoestrous ferret, killed with 
the operated anoestrous group, were large (weighing 146 mg) in comparison 
with the stalk-sectioned anoestrous females and contained numerous small 
follicles with antra. 


Tasie 1, The relative volumes, as determined by the ‘paper weight’ method, of the 
pituitary glands of the control and experimental animals 


The figures in brackets express the volume of the glands and the lobes as a percentage of 
those of the blank-operated controls 


No. of Pituitary Anterior Posterior 
animal gland lobe lobe 
Blank-operated 44 87 53 34 
controls 48 66 32 34 
54 71 39 32 
58 61 37 24 
Average 71 (100%) 40 (100%) 31 (100%) 
tal 14 33 24 9 
oestrous animals 21 46 34 12 
. 22 55 40 15 
31 40 30 10 
$2 39 28 ll 
35 33 25 8 
4l 47 36 ll 
43 54 36 18 
Average 43 (61%) 82 (80%) 12 (39%) 
Experimental 26 56 46 10 
anoestrous 28 51 38 13 
animals 34 52 42 10 
38 43 32 ll 
39 55 36 19 
40 55 38 17 
46 44 32 12 
51 41 27 14 
52 50 34 16 
55 76 ou 55 21 
Average 52 (73%) 38 (95%) 14 (45%) 
Adrenals 


As may be seen in Table 2 only a slight reduction in weight of the adrenal 
glands occurred in the anoestrous group. Calculation, using the ‘t’ test, showed 
the difference in absolute adrenal weights of the oestrous and anoestrous stalk- 
sectioned groups to be significant (P =0-01). The difference in adrenal weights 
calculated on a body-weight basis is only probably significant (P =0-05). 
Histological differences were not observed in the haematoxylin and eosin 
stained sections of the adrenal glands of the two groups. 


Thyroid glands 
The difference in the mean weights of the thyroid glands of the oestrous and 
anoestrous groups was not statistically significant. Microscopically the glands 
of the anoestrous animals appeared to have flatter epithelium and more 
colloid than those in the oestrous group, but this observation is rendered 
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doubtful by the great variation in the microscopic picture found in different 
areas of any one gland. The figures obtained for the 4 hr uptake of radio-iodine, 
however, show a clear difference between the oestrous and anoestrous animals 
(Table 2), and indicate a decreased activity of the thyroid gland in the 
anoestrous group. A study of the plasma concentration of ™ I at the time of 


Taste 2. Organ weights and thyroidal I uptake of control and 


experimental animals 
Thyroid 
| 
131] uptake 

% ij. 

erret . mg/kg <m (mg/kg (mg/kg 100 mg 

no. (g) body wt.) body wt.) body wt.) bodywt.) gland 
Blank-operated 44 1330 126 652 115 44 19 
animals 48 660 171 1318 144 88 24 
54 600 142 1415 226 96 19 
58 880 122 1370 127 60 14 
Average 867 140 1189 153 72 19 
Experimental 14 750 141 1264 121 61 22 
oestrous animals 21* 760 189 2426 147 106 21 
860 88 737 152 73 10 
31 610 184 1413 187 102 14 
32 780 104 1332 146 92 6 
35 840 145 1017 125 64 21 
 4i 710 118 1251 155 73 9 
43 1000 130 931 155 50 24 
Average 789 137 1296 148 78 16 
Experimental 26 580 36 426 155 109 7 
anoestrous 28 34 390 129 119 6 
i 34 1160 15 90 116 84 5 
38 610 31 131 93 103 6 
39 760 41 125 135 55 7 
40 840 30 127 98 102 4 
46 840 26 108 86 80 8 
51 890 31 lll 99 75 4 
52 800 26 134 lll 75 6 
55 680 40 132 143 57 9 
56 660 61 136 145 91 i) 
59 640 58 127 177 83 ) 
Average 762 36 170 124 86 7 


* This animal was pseudopregnant. 


death, and of the renal excretion of “I in the 4 hr prior to death, showed that 
changes in the fluid space of the body or in kidney function could not explain 
the differences in thyroidal-uptake of I observed in the two groups of animals. 


Body weight 
Little difference was observed in the average body weights of the oestrous 
and anoestrous ferrets. It was noticed, however, that the weights of the 
oestrous ferrets tended to fall when they came into heat. For example, ferret 
43 weighed 1120 gat the time artificial illumination started, 1460 g 6 weeks later 
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when it first showed signs of oestrus, and only 1000 g when it was killed after 
8 weeks in heat. The anoestrous ferrets showed either a relatively constant 
weight or a gradual increase in weight. 


Water consumption 
A pronounced polydipsia was not observed to follow stalk section in the 
ferret. When measured over a period of 16 days the maximum daily con- 
sumption of water was seen in ferret 22 whose average daily intake was 136 ml., 
whilst two control animals drank an average of 50 and 56 ml. water daily. 


DISCUSSION 


In drawing conclusions regarding the function of the adenohypophysis from 
the results of experiments involving pituitary stalk section attention must be 
paid to the possibility that signs of anterior pituitary deficiency are due to 
ischaemic necrosis of the gland. As pointed out by Greep & Barrnett (1951), 
section of the pituitary stalk might cut off sufficient of the total blood supply 
to the gland to result in atrophy of anterior lobe tissue and a state of “hypo- 
physectomy’. In the present study it was found that 80-95% of the normal 
volume of anterior tissue was present in the stalk-sectioned animals, and that 
the ferrets in which a lack of pituitary response to light was observed had, if 
anything, larger glands than the stalk-sectioned animals that became oestrous. 
It would seem clear that the loss of the light-induced oestrous response cannot 
be attributed to an inadequacy in the total blood supply with consequent 
atrophy of the gland. ) 

The loss of the oestrous response following pituitary stalk section may be 
most easily explained as due to severance of a reflex path involved in pituitary 
stimulation. The two components of the pituitary stalk that might form part 
of such a path are the hypothalamo-hypophysial nerve tract and the hypo- 
physial portal vessels. The evidence argues strongly against the possibility 
that the nerve tract is involved since very few, if any, nerve fibres pass 
to the pars distalis of the pituitary and, furthermore, this tract does not 
regenerate if damaged so that uniform results would be expected to follow 
stalk section. On the other hand, there is strong evidence that the hypophysial 
portal vessels passing from the median eminence of the tuber cinereum to the 


pars distalis of the gland are intimately concerned with maintaining an& 


regulating anterior pituitary activity (Harris & Jacobsohn, 1952). During 
the present study it was observed that regeneration of the hypophysial portal 
vessels may follow section of the pituitary stalk in the ferret, thus confirming 
similar observations made on the mouse (de Groot, 1952), rat (Harris, 1950), 
ferret (Thomson & Zuckerman, 1953), rabbit (Jacobsohn, 1954) and monkey 
(Harris & Johnson, 1950). It was also observed that the occurrence of a light- 
induced oestrous response after operation could be correlated with the presence 
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of such regeneration. No animal in which regeneration of the vessels was pre- 
vented came into heat, but vascular connexions across the site of section were 
clearly observed in all eight stalk-cut animals that became oestrous. The con- 
clusion is drawn that the hypothalamus and the hypophysial portal vessels 
form part of a neurovascular path transmitting the reflex stimulus, initiated 
by light, to the adenohypophysis. 

In analysing reports dealing with the effects of pituitary stalk section on 
anterior pituitary function attention should be paid to the following technical 
points: 

(a) Operative route used to section the stalk. Two surgical approaches have 
been mainly utilized. The buccal or parapharyngeal approach is easy to per- 
form, it allows a clear view of the stalk but not of the general region, and 
offers little scope for placing plates between the cut ends of the stalk to prevent 
regeneration. Further disadvantages of the method are that any plates 
manipulated between the hypothalamus and hypophysis tend to be eliminated 
from the wound, and that the anterior pole of the pituitary gland tends to 
prolapse into the trephine hole in the base of the skull (see photomicrographs 
of Barrnett & Greep, 1951; Thomson & Zuckerman, 1954) so that the inter- 
pretation of histological sections through the region is rendered difficult. The 
alternative temporal approach may be, in certain forms, a more difficult 
procedure, but it gives a clear view of the whole region and allows easy access 
for placing large plates between the ends of the stalk. With thie latter method 
the field of the pituitary stalk is left clean and surrounded by intact meninges 
and bone: plates inserted do not tend to become misplaced: and the pituitary 
gland remains in its normal position. For these reasons the final anatomical 
study of the region is facilitated. 

(6) Methods employed to investigate the vascular architecture of the region 
following stalk section. Since the hypophysial portal vessels may regenerate 
with speed and facility around, or through the interstices of, foreign bodies 
(plates, pledgelets of wool) placed in their path, special attention should be 
paid to the possibility of such regeneration. To ascertain the presence or 
absence of regenerated vessels it is necessary to perfuse the arterial system with 
a sufficient quantity of indian ink immediately after death, and to cut serial 
sections at a thickness of 100-200, through a decalcified block of tissue con- 
taining the base of the skull, pituitary gland and hypothalamus. Only with 
the aid of such thick sections may the vascular pattern be clearly interpreted. 

In the reports of Thomson & Zuckerman (1953, 1954) it was claimed that 
two ferrets in which hypophysial portal vessels had been completely inter- 
rupted became oestrous when exposed to additional illumination during 
winter. It is believed that the discrepancy between these results and those 
observed in the present study may be adequately explained by the fact that 
Thomson & Zuckerman used the parapharyngeal approach to the pituitary 


—_ 


a 


i 

{ 


re 


— 

= 


+ 


t 

), 

y 

al 

at 
if | 
ot 

t 

y 

rt 

0- 
y | 
Ss 

ot 

al 

he 

ng 
al 

ng 

D), 
ey 
it- 
ce | 


112 B. T. DONOVAN AND G. W. HARRIS 


stalk, injected only 40 ml. of diluted indian ink into the left ventricle, and cut 
sections through the hypothalamic-pituitary region at a thickness of only 104 
(see discussion by Donovan & Harris, 1954; Jacobsohn, 1954). 

There is some indication, in the present work, that the ferrets which re- 
mained anoestrous suffered a loss in adrenal weight and thyroid activity. The 
causal relationship between these effects and the ovarian and reproductive 
inactivity is not clear. It is likely that they are only linked by the common 
factor of depression in anterior pituitary activity. 

The magnitude of the polyuria observed in animals suffering from diabetes 
insipidus varies cdnsiderably with the species. Average figures for the daily 
urine volume under these conditions are about 100-200 ml./kg body weight 
for the cat, monkey and man, about 300 ml./kg for the dog and often 1000 ml./ 
kg for the rat. The observation that the ferret with section of the infundibular 
stem shows a water intake of about 150 ml./kg body weight, that is about 
double the normal value, leaves it open to doubt that this form can develop 
a well-marked condition of diabetes insipidus. On the other hand, the median 
eminence of the tuber cinereum of these animals was not necessarily damaged, 
and this would tend to the maintenance of a normal water balance. 


SUMMARY 


1. Experiments involving section of the pituitary stalk in the female ferret 
have confirmed that regeneration of the hypophysial portal vessels may occur 
in this animal. 

2. The recurrence of the light-induced oestrous response, after pituitary 
stalk section, is correlated with regeneration of the hypophysial portal vessels. 
If such regeneration is prevented by placing plates of waxed paper between the 
cut ends of the stalk, the light-induced oestrous response is abolished. 

3. One ferret, in which portal vessel regeneration had occurred after section 
of the pituitary stalk and in which a state of oestrous had supervened, ovulated 
after being placed with a male. This finding indicates that release of luteinizing 
hormone can occur in an apparently normal manner under these conditions. 

4. Complete and permanent separation of the hypophysis from the hypothal- 
amus results in decreased thyroid activity as well as decreased adrenal weight. 

5. These results support the view that the hypothalamus exerts a major 
influence over anterior pituitary activity via the mediation of the hypophysial 
portal vessels. The importance of technical details in experiments of this type 
is emphasized. 

We are grateful to Dr J. Hammond (School of Agriculture, Cambridge) for his advice on the 
method of illuminating the ferrets. We also thank Mr H. J. Campbell, Mr G. Christofinis and 
Mr W. F. Piper for their valuable assistance. The work was carried out during the tenure of a 
Medical Research Council Studentship held by one of us (B.T.D.), for which he is grateful, 21d 


formed part of a thesis accepted by the University of London in partial fulfilment of the requ're- 
ments for the degree of Doctor of Philosophy. 
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| EXPLANATION OF PLATES 


PLaTE | 
£ Ferret 59, anoestrous. The brain has been removed and the floor of the skull is seen from above. | 
ae D., dorsum sellae; P.C., posterior clinoid process; O.N., oculomotor nerve; P., plate; P.@., 4 

pituitary gland; V.S., venous sinus. 
Figs. 1, 2. The plate in position, completely covering the pituitary region. :; . 
: , Figs. 3, 4. The fibrous capsule sealing the plate to the floor of the skull has been cut on three sides 4 

4 > and the plate hinged to the right. q 
2 

Fg. 5. General view of the ferret racks. Jp 
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Piates 3 anp 4 


Photomicrographs of mid-line sagittal sections through the hypothalamus, pituitary gland, and 
base of skull of ferrets with the vascular system perfused with indian ink. B., base of skull; 
H., hypothalamus; /.P., infundibular process; M.B., mammillary body; P., plate surrounded by 
fibrous tissue; P.D., para distalis; P.P., primary plexus of the portal vessels; P.S., pituitary stalk ; 
V.S. venous sinus. | 

PLaTE 3 


Figs. 6, 7. Ferret 44, blank operated, oestrous. Section 200 thick. 

Figs. 8, 9. Ferret 43, simple stalk section, oestrous. Note the well-marked vascular connexions 
passing between the primary plexus and pars distalis, and the characteristic atrophy and 
vascular architecture of the infundibular process in this and the subsequent figures. Section 
200 » thick. 

Figs. 10, 11. Ferret 26, simple stalk section, anoestrous. The primary plexus of capillaries in the 
median eminence has’ no vascular connexions with the pars distalis, The large vessel visible 
between these two structures does not link the two vascular fields. Section 160 yu thick. 


4 


Figs. 12, 13. Ferret 21, stalk section with plate, oestrous. Note that the plate does not separate 
the pituitary gland from the hypothalamus, and that a leash of vessels passes around the 
posterior border of the plate to enter the pars distalis. In the serial sections through this 
specimen these vessels could be traced to the median eminence. Section 160 thick. 

Figs. 14, 15. Ferret 55, stalk section with plate, anoestrous. Note the plate intervenes over a wide 
area between the hypothalamus and the pituitary gland. Compare with PI. 1, figs. 1-4. The 
few capillaries seen passing from the primary plexus around the anterior end of the plate 
could be traced into the bone of the skull base. Section 160» thick. 

Figs. 16, 17. Ferret 46, stalk section with plate, anoestrous. The plate intervenes widely between 
the hypothalamus and pituitary gland. Compare with Pl. 1, figs. 1-4. Section 160, thick. 
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THE FACILITATORY EFFECT OF STIMULATION OF AN 
UNSPECIFIC THALAMIC NUCLEUS ON CORTICAL 
SENSORY NEURONAL RESPONSES 


By CHOH-LUH LI 
From the National Institute of Neurological Diseases and Blindness, 
‘ National Institutes of Health, Bethesda, Maryland 


(Received 27 May 1955) 


In 1938 Lorente de N6 described three main types of afferent fibres in the 
parietal cortex of the adult mouse. They are the association fibres, the specific 
thalamic afferent fibres, and the unspecific or pluriareal fibres. While the origin 
and destination of the association fibres and specific fibres can be traced, those 
of the unspecific fibres are not clear. However, it is demonstrable that during 
their course in the white matter, the unspecific afferent fibres give off collaterals, 
and as they enter the cortex they branch at all levels and their terminals can 
be traced without interruption as far as the molecular layer (Lorente de N6, 
1938). | 

The anatomical description of the unspecific afferent fibres of Lorente de Né 
attracted little attention until 1942 when Morison & Dempsey reported cortical 
recruiting responses following repetitive electrical stimulation of certain central 
structures of the thalamus in the cat. It has since been implied that the un- 
specific afferent fibres have their origin in those thalamic structures which 
consist of the nucleus centromedianus, nucleus intralaminaris, nucleus 
ventralis medialis, nucleus ventralis anterior and nucleus reticularis. These 
nuclei act as a functional unit, or system (hence, the unspecific thalamic 
system), since on repetitive stimulation of any one of them, recruiting waves 
can be recorded from all (Starzl & Magoun, 1951). Dempsey & Morison (1942) 
further observed that the cortical potentials evoked by sciatic nerve stimula- 
tion could be superimposed upon the recruiting responses. If stimulation of 
the sciatic nerve or of the lateral geniculate body is preceded by stimulation of 
the unspecific thalamic nuclei, a change in amplitude of the cortical evoked 
potentials results (Dempsey & Morison, 1942; Jasper & Ajmone-Marsan, 1951). 
Nevertheless, the relationship between the action of the unspecific thalamic 


nuclei and the activity of the cortical neurones remains unknown. . 
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In an attempt to determine the effect of the unspecific thalamic nuclei upon 
the discharges of cortical neurones, the experiments described below were 
carried out. It was found that stimulation of an unspecific thalamic nucleus 
had a facilitatory effect on unitary cortical sensory neuronal responses. The 
results of this study also permit certain deductions to be made in regard to 
the anatomical connexions of the unspecific afferent fibres with the cortical 
neurones. 


MATERIAL AND METHOD 


Twenty adult cats were used. They were all anaesthetized with intravenous thiopentone sodium 
followed by a transection of the midbrain at the intercollicular level and were immobilized in a 
stereotaxic apparatus. In all experiments the posterior sigmoid cortex was chosen for study. The 
recording technique was similar to that previously described (Li, 1955). Glass microelectrodes of 
less than 0-5, at the tip filled with 3m-KCl were used for the recording from the depth of the 
cortex. Recording from the cortical surface adjacent to the puncture of the microelectrode was 
simultaneously carried out with an Ag-AgC!l electrode. The indifferent electrodes were placed at a 
distant point which had been earthed. 

Electrical stimuli of threshold strength were alternatively applied to the nucleus centro- 
medianus (CM) and nucleus ventralis postero-lateralis (VPL). The interval between the two shocks 
varied from 0 to 250 msec. In all experiments cortical responses to stimulation of one or the other 
nucleus alone were recorded before the alternating stimuli were given, and in three experiments 
the responses were obtained after local application of strychnine to the cortex. The points in the 
thalamus to which electrical stimulation had been applied were checked according to the method 
of Marshall (1940), 

RESULTS 


More than 500 unitary discharges were recorded with the microelectrode from 
various depths in the posterior sigmoid cortex. They were either diphasic 
initially negative, positive-negative or positive in electrical sign (Li, 1955). 
It was found that the majority of these units could not be activated by 
stimulation of either the nucleus centromedianus (CM) or nucleus ventralis 
postero-lateralis (VPL), but they discharged ‘spontaneously’ regardless of the 
strength and frequency of the stimulation. Further, if the discharge of a 
cortical unit could be evoked by VPL stimulation, ft\could not be evoked by 
CM stimulation. Similarly, units which fired in response to stimulation of CM 
did not respond to stimulation of VPL. 

Fig. 1 was taken from an experiment in which the surface electrode (first 
line of each record) recorded maximum responses to VPL and CM stimulation, 
while the microelectrode (second line of each record) recorded simultaneously 
from a depth of 1-24 mm beneath the surface electrode in the posterior sigmoid 
cortex. When VPL was stimulated at a frequency of 1/sec, typical evoked 
potentials were recorded with the surface electrode.. At the depth the micro- 
electrode recorded a deep-negative potential, The reverse in polarity of the 
surface and deep potentials in response to stimulation of the specific thalamic 
nucleus has been previously described (Li, Cullen & Jasper, 1955). In this 
experiment there was no spike discharge recorded by the microelectrode 
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(Fig. 1A, a), even when VPL was repetitively stimulated at a frequency of 
6/sec (Fig. 1A, 6). With the placement of the surface electrode and micro- 
electrode unchanged, stimulation of CM at 6/sec elicited recruiting responses 
and positive-negative spike discharges (Fig. 1B). 


Fig. 1. Spike discharges responsive to stimulation of nucleus centromedianus (CM) but un- 
responsive to stimulation of ventralis postero-lateralis (VPL) of the thalamus. First line of 
each record was taken from the surface, while the second line was taken simultaneously from 
a depth of 1-24 mm in posterior sigmoid cortex. Time marks 5 msec. A, a and 6, stimulation 
of VPL at frequencies of 1/see and 6/sec respectively; B, stimulation of CM at 6/sec. In this 
and subsequent figures, negativity is upward. 


It was also found that a responsive unit was apt to vary in its latency and 
number of spike discharges, especially when this unit fired 10-30%msec after 
the arrival of the afferent volley at the cortex. This variability was also found 
in the cortex treated with strychnine which presumably caused an inchease in 
excitability of the neurones. In any case, the discharge of these units in 
response to stimulation of VPL was invariably facilitated by a preceding 
volley initiated from CM. Thus, if stimulation of VPL alone produced infre- 
quent activation of the cortical neurone, CM stimulation preceding VPL 
stimulation would increase the number of discharges of the neurone. — 

This is illustrated in Fig. 2, which was taken from an experiment with local 
application of strychnine. The first line of each record in this figure was taken 
from the surface, while the second line was taken simultaneously with a micro- 
electrode from a depth of 16mm. When CM alone was stimulated at a 
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frequency of 1/sec, predominantly surface-negative potentials with a latency of 
18 msec were recorded from the surface. These responses were not accompanied 
by unit spike discharges (Fig. 2, first column). On the other hand, stimulation 
of VPL alone not only markedly enhanced the surface evoked potentials, but 
also activated the discharge of the neurone recorded with the microelectrode 


Fig. 2. Spike discharges responsive to VPL stimulation and unresponsive to CM stimulation. 
Facilitation of spike discharges in response to VPL stimulation by preceding unspecific 
thalamic volleys. First line of each record was taken from the surface while the second line 
was taken simultaneously from a depth of 1-6 mm in the posterior sigmoid cortex. Cortex 
had been treated with 1% strychnine solution. First column, CM stimulation at 1/sec. 
Second column, VPL stimulation at 1/sec. Third column, CM stimulation followed by VPI 
stimulation at an interval of 75 msec, stimulation frequency 1/sec. Note the infrequent spike 
discharges in second column and regular discharges in third column. Note also the enhance- 
ment by strychnine of the VPL responses and not of the CM responses. 
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(second column), The discharge of the neurone, however, did not regularly 
occur with the surface evoked responses despite the fact that the cortex had 
been treated with strychnine (the effect of strychnine upon neuronal activity 
will be reported in a separate paper). When the stimulation of VPL was 
_ preceded by stimulation of CM, spike discharges would regularly occur 
following each VPL stimulation, as shown in the third column of Fig. 2. 


Fig. 3. Same as Fig. 2 with the stimulation frequency increased to 4/sec. Spike discharges 
occurred regularly following VPL stimulation preceded by CM stimulation. 


Fig. 3 was taken from the same experiment with the stimulation frequency 
increased to 4/sec. It is clear that the preceding stimulation of the nucleus 
centromedianus has a facilitatory action upon the activity of cortical 
neurones with long latency (10-30 msec) responses. 

It is assumed that the responsiveness of a cortical neurone can be quanti- 
tatively measured by the latency and number of spike discharges of the 
neurone. Thus, stimuli of similar strength would cause a neurone to generate 
a constant number of impulses at a constant interval. A change in strength 
of the stimulus or a change in excitability of the neurone would alter the 
latency as well as the number of spike discharges. This assumption, however, 
cannot be applied to neurones with long latencies (10-30 msec or more) in 
response to stimuli of threshold strength. The latencies and number of spike 
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discharges in the responses of these neurones were found to vary considerably, 
regardless of how consistently the stimulus strength was maintained (Fig. 2, 
second column). It was also found that the long-latency units were almost 
exclusively recorded from depths corresponding to layers II, III, V and VI of 
the posterior sigmoid cortex, and presumably represented activity of the 
cortical interneurones. The activation of these interneurones probably depends 
upon polysynaptic pathways which may be involved in the transmission of 
impulses initiated not only from the nucleus ventralis postero-lateralis, but 
from other sources also. Therefore, the degree of facilitation in the responses of 
interneurones as a result of the preceding unspecific thalamic volleys cannot 
be determined in terms of latencies and number of spike discharges. 

It was the short-latency (1-2 msec) units from which a regular number of 
spike discharges in response to threshold stimuli could be obtained. These 
short-latency units were recorded from a depth corresponding to layer IV and 
the lower portion of layer III of the posterior sigmoid cortex. Their responses 
were probably the result of monosynaptic activation through the specific 
afferent fibres from the thalamus. In this study there were four occasions on 
which a regular number of spike discharges were recorded following each VPL 
stimulation. 

Fig. 4 was taken from an experiment in which the stimulating electrodes 
were placed in CM and VPL of the thalamus, while records were taken simul- 
taneously from the surface (first line of each record) and a depth of 0-84 mm 
(second line of each record) in the posterior sigmoid cortex. The first record 
shows that repetitive stimulation of CM at a frequency of 4/sec elicited re- 
cruiting responses recorded from the surface, whereas virtually no potential 
change was detected at the depth. Stimulation of VPL at the same frequency 
evoked primary responses and secondary discharges recorded from the surface 
and spike responses from the depth (second record). There were regularly three 
spikes following each stimulus. 

With the stimulation frequency unchanged, repetitive stimuli were then 
alternately applied to the two thalamic nuclei. The third record in Fig. 4 shows 
that when CM stimulation preceded the VPL stimulation by 70 msec, the 
number of spike discharges subsequent to each VPL stimulus was increased, 
regularly becoming four instead of three. As the interval between the CM and 
VPL stimuli was reduced to 30 msec, the number of spike discharges was 
further increased as shown in the fourth record. 

Fig. 5 was taken from another series of responses in the same experiment. 
In this series again the recruiting responses to CM stimulation recorded from 
the surface were not associated with spike discharge recorded with the micro- 
electrode from the depth (C, unsp.), whereas stimulation of VPL regularly 
- evoked two spikes (C,sp.). Within an interval of 14 msec between the CM anc 
VPL stimulations the number of spike discharges following the VPL stimule- 
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tion did not change (Fig. 5, 1 and 2). When the interval was increased to 
15 msec three spikes were elicited, and as the interval was further iticreased to 
20 msec four spike discharges occurred (Fig. 5, 3, 4, 5 and 6). In an interval 
between 30 and 40 msee the VPL stimuli elicited five spikes (Fig. 5, 7 and 8). 


Fig. 4. Spike discharges responsive to VPL stimulation (second record) and not to CM stimulation 
(first record). Facilitation of spike discharges by preceding unspecific thalamic volleys. 
First line of each record was taken from the surface while the second line was taken simul- 
taneously with a microelectrode from a depth of 0-845 mm in posterior sigmoid cortex. Time 
marks 10 msec. In all records the responses were obtained following repetitive stimuli at a 
frequency of 4/sec. In 1, responses to CM stimulation are shown. In 2, responses to VPL 
stimulation are shown. In 3, stimulation of VPL followed stimulation of CM by 70 msec, 
and in 4, by 30 msec. 


The number of spike discharges then gradually decreased to four as the interval 
between the two stimuli was further incressed. Within the interval of 110- 
120 msec, the number of spike discharges once again increased from four to 
five (Fig. 5, 15 and 16). From then on the spike discharges gradually de- 
creased, but throughout the entire period of 220 msec following the unspecific 
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thalamic volley the number of spike discharges had never decreased to less 

Fig. 6 shows the number of spike discharges in response to VPL stimulation 
at various intervals following the CM stimulation. If the number of spike 
discharges represented the responsiveness of the neurone, it is clear that in no 
instance was the responsiveness of the neurone reduced. This would imply 


Fig. 5. Interaction of unspecific and specific thalamic Volleys on the activity of a primary cortical 
sensori-neurone. Same experiment as shown in Fig. 4. ©, unsp and C, sp are controlled 
records of the responses to CM stimulation and VPL stimulation alone at 4/sec. 1 to 21 are 
records of the responses at various intervals: 1, 8 msec; 2, 10 msec; 3, 15 msec; 4, 20 msec; 
5, 25 msec; 6, 28 msec; 7, 32 msec; 8, 40 msec; 9, 43 msec; 10, 54 msec; 11, 83 msec; 12, 
90 msec; 13, 108 msec; 14, 128 msec; 15, 113 msec; 16, 120 msec; 17, 143 msec; 18, 145 msec; 
19, 203 msec; 20, 208 msec; 21, 220 msec. 
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No. of spike discharges 


aN Time interval in msec 

Fig 6. Periodic facilitation of the responses of a primary cortical sensori-neurone by preceding 
stimulation of an unspecific thalamic nucleus. The points were obtained from two series 0! 
repetitive stimuli in the same experiment as shown in Figs. 4 and 5. For description see text. 
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that under the influence of repetitive unspecific thalamic volleys, the 
activity of cortical sensori-neurones is never inhibited, but is periodically 
facilitated. 
DISCUSSION 

It is known that the middle layer of the posterior sigmoid cortex (layer IV and 
lower portion of layer III) is the primary receiving layer where the specific 
thalamic fibres terminate (Lorente de Né, 1938). In this layer there is an 
abundance of Golgi Type II cells which make direct synaptic contact with the 
specific afferent fibre terminals. Since short-latency (1-2 msec) spike dis- 
charges, in response to stimulation of the thalamic sensory relay nucleus, were 
almost exclusively recorded from the middle layer of the posterior sigmoid 
cortex, these spikes were probably initiated by the Golgi Type II cells. The 
fact that spike discharges from these neurones could not be evoked by stimula- 
tion of the unspecific thalamic nucleus indicates the lack of a significant 
connexion between the unspecific afferent fibres and the Golgi Type II cells. 
If direct connexion with the unspecific afferent fibres is present, the repetitive 
bombardments of the unspecific thalamic volleys would have more readily 
caused the discharge from these cells, since they are characterized by numerous 
short axons and are believed to be capable of amplifying the afferent impulses 
(Chang, 1950, 1952). It is most likely that their connexion is through certain 
types of cortical neurones. Through these neurones repetitive unspecific 
thalamic volleys achieve only subliminal excitation of these cells. 

The subliminal excitation of cortical sensori-neurones is indicated by the 
increase in the number of spike discharges when the responses are conditioned 
by the unspecific thalamic stimuli. The responsiveness of the neurone is 
modified in such a manner that the number of spike discharges is periodically 
increased, but in no instance reduced. 


SUMMARY 
The effect of the unspecific thalamic impulses upon the responses of cortical 
sensori-neurones has been studied by alternate stimulation of the nucleus 
centromedianus and nucleus ventralis postero-lateralis at various intervals 
and recording with glass microelectrodes from the cat’s posterior sigmoid 
cortex. The results of these experiments have led to the following conclusions: 

(1) There is no significant synaptic connexion between the unspecific 
afferent fibres and the primary cortical sensori-neurones (Golgi Type II 
cells), 

(2) The unspecific thalamic volleys may activate certain cortical neurones 
which do not respond to stimulation of the thalamic sensory relay nucleus. 
This implies that synaptic connexion between the specific afferent fibres and 
these neurones, if present, is insignificant. _ 
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(3) The effect of unspecific thalamic volleys upon the activity of cortical 
sensori-neurones is mediated by certain types of neurones. Through these 
neurones the unspecific thalamic volleys facilitate the discharge of the cortical 
sensori-neurones. 

(4) The facilitatory action of the unspecific thalamic nucleus undergoes a 
periodic change with its maximal efficiency at intervals of 30-40 and 110-120 
msec. 
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The main principle of homoeostasis implies the existence of specific detectors 
or ‘receptors’ which govern the corresponding regulator mechanisms. The 
interaction of the anterior pituitary gland with the target glands constitutes 
a feed-back circuit preserving homoeostasis of the target hormones. This was 
first demonstrated for the pituitary-thyroid system (Aron, Caulaert & Stahl, 
1931) and then for the glands (Hohlweg & Dohrn, 1931; Kuschinsky, 1931). 
Ingle, Higgins & Kendall (1938) first demonstrated that large amounts of 
cortin produced atrophy of the adrenal cortex. Although an extensive literature 
has confirmed these findings, very little is known about the underlying 
mechanisms. Concerning the thyroid-pituitary axis (Salter, 1940) facts have 
accumulated which indicate that thyroxine inhibits secretion of thyrotropic 
hormone by acting on hypothalamic structures, and in this respect it is 
interesting that the tuber cinereum and the median eminence of the posterior 
pituitary have been found to possess a specific affinity for thyroxine (Courrier, 
Horeau, Marois & Morel, 1949, 1951; Harper & Mattis, 1950, 1951; Jensen & 
Clark, 1951; see the discussion by Marois, 1951). 

The present paper deals with the question of whether the thyroxine-sensitive 
‘receptors’ of the thyroid-pituitary system constitute an adeno-hypophysial 
mechanism or whether they are located in the brain stem. Evidence in favour 
of the first alternative will be presented: This conclusion has been confirmed by 
a different experimental approach, reported in the succeeding paper (Euler & 
Holmgren, 1956). A preliminary account has already appeared (Kuler & 
Holmgren, 1954). 

METHODS 


Healthy adult female rabbits have been used throughout this work. Thyroid activity, as indicated 
by the rate of thyroidal release of I, has been followed for periods of 1-2 weeks or more. The 
me‘hod used has been described in detail by Brown-Grant, Euler, Harris & Reichlin (1954) and 
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now slightly modified. Two to three days after the rabbits had received a dose of 2—5 ye of carrier- 
free radio-iodine (***I) intramuscularly the observations started. The unanaesthetized rabbit was 
placed in a hammock and immobilized by restriction clamps (Harris, 19484). The neck rested 
against the lead collimator of a scintillation counter. The latter consisted of a thallium-activated 
Nal crystal 4 cm in diameter and 25 mm thick in front of an E.M.I. photomultiplier type 6260. 
Together with the preamplifier it constitutes a ‘Gamma Counter’ Type 1186 A (AERE, Harwell). 
The scaling device, which had an input stage with adjustable bias voltage for pulse discrimination, 
consisted of an electronic scaler of 64 (L.K.B. type no. 6413) and a rapid mechanical counter. The 
efficiency of the detecting equipment was controlled regularly by means of a "Sc standard of 
0-5 we activity (half life 33 years). Provided the bias voltage of the input stage of the scaler or the 
high tension to the photomultiplier had been adjusted to give constant counts of the *’Sc standard, 
the counts from a given source of I in the thyroid of a rabbit were also constant. The radio- 
activity of the thyroid region was usually measured twice a day. Geometrical errors due to small 
differences in the position of the rabbit’s thyroid were avoided by taking the average of four to six 
counts preceded by replacement of the rabbit’s head and neck. The accuracy of the counts varied 
from rabbit to rabbit. The number of counts made each time was determined after a rough estima- 
tion of the deviations between the individual counts. The level of the counting rate determined 
the counting time. The best way of estimating the accuracy of the measurements was to ascertain 
the deviations from the theoretical values under periods of complete thyroid inhibition which 
should plot as a horizontal line. In the present work the standard deviation of the differences 
from the mean under complete inhibition (the horizontal line) was calculated from twenty rabbits. 
The values stayed within the range + 1:2 % to + 2.4%. The counts were corrected for background, 
physical decay and efficiency. 

The rabbits were kept under standardized conditions, i.e. in an environmental temperature of 
29+1° C and a constant diet of oats, carrots and tap water ad lib. 

In order to be able to repeat injections of minute volumes of a drug at a predetermined spot in 
the hypothalamus or in the pituitary gland of the conscious rabbit, cannulas were chronically 
implanted into the rabbit's head. The procedure was as follows. Under urethane-chloralose anaes- 
thesia (5 ml./kg body weight of a solution of 10% urethane and 1% chloralose) the rabbit’s 
head was firmly fixed in a stereotaxic apparatus and orientated so that the plane of the tangents 
through the bregma became horizontal (cf. Harris, 1947). A small hole was drilled vertically through 
the skull and a thread made to fit the ‘guide’ (see text-fig. 1). The ‘guide’ was screwed down verti- 
cally. It was found necessary to strengthen the attachment of the ‘guide’ to the skull. This was 
done by means of a self-apolymerizing methacrylate for dental use (‘Swedon’). The ‘guide’ 
implanted in that way was as rigidly attached to the skull after 6 months as it was on the day of 
operation. The skin was sutured round the guide and sealed with ‘Swedon’. There was no trouble 
with skin infections. The head of the rabbit with the implanted ‘ guide’ was then X-rayed in order 
to verify that the direction of the guide was the intended one and, further, to permit an accurate 
calculation of the length of the cannula to be inserted. The cannula consisted of a stainless hypo- 
dermic needle, 0-45 mm in external diameter, and a Perspex head as illustrated on Text-fig. 1. 
When the cannula had been adjusted to the right length it was inserted by hand through the 
‘guide’ into the brain and left there. The head of the rabbit was then X-rayed again (PI. 1, fig. 1) 
to determine the final position of the bevel of the cannula. The injections were performed with an 
‘Agla’ micrometer syringe to which was attached a short hypodermic needle of the same external 
diameter as that of the implanted cannula and ground to a point of the shape shown in Text-fig. |. 
This, with an extremely small volume displacement due to the coupling, made a perfect fit with the 
Perspex head of the cannula. The volume of the cannula was less than 0-001 ml. After the cessation 
of the experiments in any one rabbit the animal was killed, the head and the brain fixed in | % 
formaline and the skull decalcified with equal parts of 40% formic acid and 7-5% Na-formate. 
A block containing the hypothalamus and pituitary region was embedded in paraffin wax ind 
serially sectioned at 15. The sections, stained with thionine, served to identify the site o/ ‘he 
injections (Pl. 1, fig. 2). 
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Text-fig. 1. Gear for microinjections in the conscious rabbit. The ‘guide’ C is screwed into the 
skull after stereotaxic positioning. The cannula B is inserted by hand through the ‘guide’. 
A represents the specially ground end of the hypodermic needle attached to the microsyringe. 
A fits tightly in the Perspex head of the cannula. 


RESULTS 

Local injections of thyroxine. The experiments consisted in local administra- 
tion of minute volumes of thyroxine solution into the anterior pituitary gland 
or adjacent parts of the brain. The influence of these injections on the release 
of radio-iodine from the thyroid gland was followed. 

In most cases the guide for the cannula was implanted before the radioiodine 
was given, i.e. before the beginning of the actual experiment. In a few cases, 
however, the implantation was done during the course of a ‘release curve’. In 
these cases the operation caused a flattening of the curve, i.e. inhibition of 
thyroid release of radio-iodine from the thyroid for a period of 6-24 hr. This 
was probably due to the physical stress of operation and anaesthesia (Brown- 
Grant, Harris & Reichlin, 1954a). The experiments were carried out in the 
manner illustrated in Text-figures 2 and 3. As soon as the successive estimation 
of thyroid content of 11, plotted on a logarithmic scale against time, had 
Stabilized to give a straight line, the intracranial injections were begun. The 
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injections were done every 6th hour. To begin with, the solvent without thyro- 
xine (0-015 n-NaOH) was injected as a control. Usually 0-002 ml. was injected — 
each time. Since the volume of the cannula was of the order of, but always less 
than, 0-001 ml. the first injection was made bigger than the following ones by 
that amount. In a few experiments 0-005 ml. was injected each time. When it 
had been established that the solvent itself had no effect whatsoever on the 
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5- Solv. thyroxine 
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Text-fig. 2. The effects on the release of "I from the thyroid of local injections of L-thyroxine at 
the sites indicated by inset diagrams. In the upper curve an intramuscular — of 
50 ug L-thyroxine was given after the local injections. 


release of thyroidal 1**I, it was exchanged for solvent plus thyroxine (0-002 ml. 
contained 24g Na L-thyroxinate). The injections were continued every 6th 
hour until it had been established whether or not a break in the curve illustra- 
ting liberation of radio-iodine from the thyroid was present. Then followed a 
new series of injections of solvent without thyroxine. Of the eighteen rabbits 
in which the effect of microinjections of thyroxine was studied only two had 
to be discarded because of a non-specific effect of the solvent. In some cases 
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the cannula was removed after the first experiment and exchanged for another 
cannula of different length. Thus two experiments were performed on the same 
animal at two different sites of injection. In Text-figs. 2 and 3 such double 
experiments are illustrated. Injections of thyroxine were effective in inhibiting 
the output of thyroid “I with one position of the cannula but not with the 
other (see, for example, Text-fig. 2). Every experiment was checked by demon- 


Solvent 
al | | Thyroxine 
Solv. inj. 11 ug 


thyroxine 
| 


0 20 40 60 80 100 120 140 160 180 200 220 240 260 
Hours 
Text-fig. 3. The effect on the release of "I from the thyroid of local injections of L-thyroxine at 
the sites indicated in the inset diagrams. The upper curve shows absence of effect of 1] ng 
L-thyroxine intramuscularly. 


strating that the total amount of thyroxine injected in this manner had no 
effect when given intramuscularly. In most cases the daily endogenous 
secretion of thyroxine was estimated according to the principles given by 
Perry (1951). Repeated small doses of thyroxine were administered intramus- 
cularly and the smallest dose sufficient to inhibit the thyroidal release of ™I 
for 24 hr determined (cf. Brown-Grant & Gibson, 1955). The daily secretion of 


thyroid hormone is considered to be equivalent to this amount of L-thyroxine. 
9 PHYSIO. CXXXI 


ed 
88 q 
it 
he 
| | 
| 
6 
3 FO 
2 | 
0 20 40 60 80 100 120 140 160 180 200 220 240 260 
Hours 
10 
9 
S Solv. 
x 
[11 thyr 
Solv. 
35 
U 4 
3 
{ 


130 CURT VON EULER AND BJORN HOLMGREN ; 


The total of thyroxine injected through the implanted cannula was in any 
experiment always well below the value determined for the daily production 
of thyroid hormone of that animal. 

The results of the experiments are summed up in Text-fig. 4. All the injec- 
tions at sites outside the anterior lobe of the pituitary were ‘negative’, i.e. 
thyroxine injected locally into these spots had no inhibitory effect on the 
thyroidal release of radio-iodine. On the other hand, when thyroxine was 
injected locally into the anterior lobe the inhibitory effect was nearly always 


present. 


Text-fig. 4. A summary of the results obtained with local injections of L-thyroxine. @ indicates 
definite inhibition of the release of ™I from the thyroid; ©, no effect; ©, doubtful effect. 
Ch, optic chiasma; DS, dorsum sellae; M, corpus mamillare; II] V, third ventricle. 


In order to obtain an estimate of the spread of thyroxine injected through 
the cannula, 0-002 ml. osmic acid was similarly injected and the distribution 
studied in the histological sections. Pl. 1, fig. 3, shows the spread of osmic acid 
injected 30 min before the rabbit was killed. 

Local injections of adrenaline. In seven experiments on five rabbits adrenaline 
was injected locally into the anterior pituitary or adjacent parts of the hypo- 
thalamus. The procedure was the same as described for the local injection of 
thyroxine. The series of injections started with 0-003 ml. and continued with 
0-002 ml. of the solvent only (0-001 n-HCl). When the first series of control 
injections proved to be without effect on the thyroidal release of iodine, 
adrenaline solution was injected (1 mg adrenaline as adrenaline-HCl per ml. of 
0-001 n-HCl). Thus 2g adrenaline in 0-002 ml. was injected every 6 hr until a 
clear result was obtained. Text-fig. 5 summarizes the results. Adrenaline of 
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that huge concentration injected locally into the anterior lobe of the pituitary 
gland, the tuber cinereum or the median eminence had no effect on the 
release of "J from the thyroid. However, injected into the vicinity of the 


Text-fig. 5. A summary of the results obtained with local injections of adrenaline. 
Markings and abbreviations as in Fig. 4. 


35 Solvent 


Adrenaline 
Solvent 


Counts/min x 103 


0 2 4 +(6& 80 100 120 140 160 180 
Hours 
Text-fig. 6. The effect on the release of "I from the thyroid of local injections of adrenaline 
at the site indicated by inset diagram. 


mammillary body adrenaline, even in the somewhat smaller dose of 0-2ug, had 
a definite inhibitory action on the thyroidal release of "I, as shown in Text- 
fig. 6. 
Effect of thyroxine on the action of thyroid-stimulating hormone (TSH). It has 
frequently been held (e.g. Salter, 1950) that thyroxine inhibits the thyroid 
9-2 
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itself or the thyrotropic stimulation of the thyroid. Although the evidence 
presented in favour of this hypothesis is extremely poor, it was considered 
worth while to find out whether this constituted a significant part of the feed- 
back control of thyroxine secretion. In experiments on four rabbits, one of 
which was hypophysectomized, the effect of a certain dose of TSH on the 


L-thyroxine i.m. 
25 L-thyroxine +05 USP TSH i.m. 
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Text-fig. 7. Rabbit 236 (see Table 1). Changes in the release of 131] from the thyroid in response 


to intramuscular injections of L-thyroxine plus ‘ss saga hormone (TSH), and to 
TSH alone. 


TaB_eE 1. The effect of thyroxine on the thyroid response to 0-5 USP units of TSH 
Dose of Without 


L-thyroxine With thyroxine thyroxine 
Rabbit no. | (ug) % fall 
167 250 39 (2) 42 (1) 
Hypophysect. 
230 200 46 (1) 38 (2) 
236 100 41 (1) 35 (2) 
249 200 43 (2) 48 (1) 


The figures in parentheses indicate the order in which the tests were made. 


release of "J from the thyroid was compared when given under heavy thyroxine 
treatment and in the untreated state. Since the effect of exogenous thyro- 
tropin (TSH) diminishes, when repeatedly given to one and the same animal 
(cf. Brown-Grant, Harris & Reichlin, 19546), thyroxine was sometimes com- 
bined with the first TSH injection and sometimes with the second one (Text- 
fig. 7). The percentage decrease of thyroidal 4*4I was calculated and the results 
tabulated in Table 1. There was no significant change in the response of the 
thyroid to TSH when the thyroxine concentration of the blood was increased. 
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DISCUSSION 


There is good evidence for the conclusion that the release of I from the 
thyroid is equivalent to secretion of labelled thyroid hormone (Albert, 1951: 
Perry, 1951; Wolf, 1951; Brown-Grant, Euler, Harris & Reichlin, 1954). Like- 
wise it seems justified to assume that the secretion of the thyroid is governed 
solely by the thyrotropic hormone (TSH) of the anterior pituitary gland (cf. 
Harris, 19486), although under certain circumstances vasomotor reactions of 
the thyroid vessels may modify its activity (Brown-Grant & Gibson, 1954). 
Thus, changes in the rate of percentage loss of I from the thyroid follow 
from a preceding change in the level of circulating thyroid-stimulating hormone. 
However; it must be kept in mind that there is no quantitative relationship 
between this rate and total thyroid hormone secretion. Since the rate of 
secretion is subject to feed-back control (thyroxine inhibiting pituitary) it may, 
however, be quantitatively assayed by determining the minimum exogenous 
dose of thyroxine that completely inhibits the endogenous thyroxine secretion 
per unit time. Sayers & Sayers (1947) used the principle of this method for 
determining the daily output of adreno-cortical hormone, Perry (1951) de- 
scribed the method for determining the rate of thyroxine secretion in the rat, 
and Brown-Grant & Gibson (1955) for the rabbit. The daily output of thyroid 
hormone in terms of L-thyroxine was estimated above and compared with the 
amount of thyroxine injected locally. These comparisons show that the effects 
elicited by the local injections of thyroxine were due to its specific action at the 
site of injection and not to a generalized effect. This conclusion is supported by 
the fact that injections into different regions gave different results as well as by 
the distribution of ‘positive’ and ‘negative’ sites. 

The histological examination of the sites of injection revealed that the 
chronically implanted cannulas as well as the injections had caused very little 
damage to the tissues (cf. Pl. 1, fig. 2). 

Local administration of thyroxine to the anterior pituitary gland provoked 
an inhibition of thyroxine secretion similar to the effect caused by an increased 
| level of circulating thyroid hormone. Injections outside the anterior lobe failed 
| to give such a response. These findings strongly indicate that the anterior 
pituitary gland itself is the strategic point of action of the thyroid hormone in 
suppressing secretion of thyrotropic hormone. This contradicts the conclusions 
drawn from the facts that the median eminence and tuber cinereum have a 
a specific affinity for thyroxine (see Marois, 1951). Moreover, this high affinity 
for thyroxine is found only in some species and not in others (see Gross & 
Its Pitt-Rivers, 1952). Greer and co-workers (Greer, 1952; Greer, Scow & Grob- 
stein, 1958; Scow & Greer, 1953) have reported that hypothalamic lesions 
reduce or block the growth of thyroid in response to goitrigens. This finding 
suggests a hypothalamic link in the mechanism controlling thyroid weight. 
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However, the present work does not deal with this question. The possibility 
that the posterior pituitary might be the.site of the structures sensitive to 
thyroxine and inhibiting thyrotropic secretion has been excluded by experi- 
ments reported in the succeeding paper (Euler & Holmgren, 1956). 

However, we do not consider the level of circulating thyroxine as the only re- 
gulator of thyroxine secretion. Euler & Holmgren (1956), on hypophysectomized 
rabbits with pituitary transplants in the anterior chamber of the eye, have 
shown that the changes in thyroid activity in response to cold (see Brown-Grant, 
Euler, Harris & Reichlin, 1954) and to stress (Brown-Grant, Harris & Reichlin, 
19545) are largely due to the central nervous control of the anterior pituitary. 
These effects are probably mediated by the hypothalamo-hypophysial portal 
vessels (see Harris, 19486), although the details of the transmitter mechanisms 
are still unknown. However, the results of local injections of adrenaline 
indicate that this substance is not concerned with the secretion of thyrotropin. 
It might be objected that the concentrations used were unphysiological. 
However, there are good reasons for believing that both time and space 
gradients of the concentration after a local injection are steep enough to give 
large areas with much lower concentrations of adrenaline. 

The inhibitory effect of adrenaline on thyrotropin secretion when injected 
locally in the vicinity of the mammillary bodies may be related to the stimu- 
lating action of adrenaline on ACTH secretion mediated by the posterior 

hypothalamus as reported by Porter (1952). : 

' Our conclusion that the anterior pituitary itself is the site where thyroxine 
exerts its inhibiting effect on the secretion of the thyrotropic hormone appears 
to be confirmed by work reported in the following paper (Euler & Holmgren, 
1956). 

SUMMARY ; 

1. A method is described for injecting minute volumes of drugs into various 
places in the hypothalamus and in the pituitary gland of the conscious rabbit. 

2. Thyroxine injected locally in the anterior pituitary inhibited the release 
of 181{ from the thyroid gland. No effect, however, was obtained from thyroxine 
injected locally in the hypothalamus or median eminence. 

3. The release of thyroidal iodine in response to exogenous thyrotropin was 
uninfluenced by simultaneous thyroxine administration. 

4. It is concluded that thyroxine inhibits thyrotropin secretion by a direct 
action on the anterior pituitary gland and that this is the only route whereby 
thyroxine regulates thyroid secretion. 


This work has been aided by grants from the Foundations ‘Therese och Johan Anderssons 
Minne’ and ‘Magnus Bergwalls Stiftelse’. 
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EXPLANATION OF PLATE 


Fig. 1. X-ray of rabbit’s head with ‘guide’ and cannula in position. The top of the head of the 
cannula is not visible. Outlines of the gency superconstruction drawn in white. 
Retouched. 


Fig. 2. Sections through the skull and brain of rabbit which had a cannula implanted. 200 microns 
in between A and B. Slight dislocation of the pituitary relative to the brain during the 
histological procedures has caused a step in track. Formol. Thionine. 


Fig. 3. Paramedian section through the brain of a rabbit. 0-002 ml. of osmic acid injected through 
implanted cannula 30 min prior to sacrifice of the rabbit. Frozen section. Unstained. 
100 microns. 
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THE ROLE OF HYPOTHALAMO-HYPOPHYSIAL CONNEXIONS 
IN THYROID SECRETION 


By CURT von EULER anv BJORN HOLMGREN* 


From the Nobel Institute for Neurophysiology, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received 9 June 1955) 


It is well known that the secretion of thyroid hormone, as well as the secretion . 


of adrenal cortical and gonadal hormones, is checked by the blood concentra- 
tion of these hormones respectively. The pituitary—target gland axis constitutes 
the effector side of these self-regulated systems. However, there has been 
much dispute about the afferent part of the systems; whether the sensitivity 
to the blood level of the target hormones is a property of the anterior pituitary 
itself or of a ‘receptor’ mechanism located in the brain stem. In the preceding 
paper we have presented evidence in favour of a pituitary location of the 
mechanism sensitive to thyroid hormone (Euler & Holmgren, 1956). If this 
conclusion is correct, pituitary grafts in hypophysectomized animals should, if 
showing functional activity, respond to changes in the level of circulating 
thyroxine. 

In order to test this corollary of our previous work we have now studied 
thyroid activity in hypophysectomized rabbits with pituitary transplants in 
the anterior chamber of the eye. It will be shown that such pituitary grafts 
may remain viable and secrete thyrotropin, and that this secretion can be 
inhibited by raising the blood concentration of thyroxine. 
‘ 


METHODS 
The method used for studying the relative thyroid activity in conscious rabbits during periods of up 
to 2 weeks and more has been described in detail by Brown-Grant, Euler, Harris & Reichlin (1954). 
Minor modifications have been introduced which are described in the accompanying paper (Euler 
& Holmgren, 1956). 

As in the previous work, the rabbits were maintained on a constant diet and in constant 
environmental temperature except for short experimental tests in cold environment. The * cold 
tests” were carried out simultaneously on all the experimental animals by changing the thermostat 
setting ip the animal room from 29 to 20° C. This was done in order to minimize the stress response 
of the ‘cold test’ (Brown-Grant et al. 1954; Brown-Grant, Harris & Reichlin, 19544). 


* On leave of absence from the Institute of Physiology, University of Chile, Santiago de Chile. 
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Rabbits with newborn litters were used. Three to seven days after delivery the mother was 
hypophysectomized by the parapharyngeal approach described by Jacobsohn & Westman (1940). 
The anaesthetic used was 5 ml./kg body weight of a solution of urethane (10%) and chloralose 
(1%). Immediately after hypophysectomy the pituitary glands of the newborns were dissected 
free, cut in pieces and put in a glass cannula. The right eye of the mother was locally anaesthetized 
by ‘Xylocain’. With a sharp knife an opening was made for insertion of the glass cannula in the 
anterior chamber, into which the pituitaries of the young were injected. The pieces of pituitary 
tissue were pushed in alongside the border of the iris, which had been slightly traumatized to 
ensure a good bed for the grafts. 

After completion of part of the experiments the eye carrying a pituitary graft was enucleated, 
fixed in Bouin's fluid, embedded in paraffin, sectioned and stained with Azan. The animal itself 
was ultimately killed, its head fixed in Bguin’s fluid and decalcified in a solution consisting of 
equal parts of 40% formic acid and 7-5% Na-formate. A block of tissue containing the hypo- 
thalamus and sella turcica was embedded in paraffin wax, serially sectioned, and stained with Azan 
or eosin-haematoxylin. 


RESULTS 


Ten of the rabbits with hypophysectomy and transplantation of the pituitary 
glands from their own litters were used in the final experiments. When a period 
of 12-48 days had elapsed they received a dose of 4-6yc of carrier-free ™11. 
The observations on release of radio-iodine from the thyroid were begun 72 hr 
later. After a few neck counts it was evident that these rabbits, by comparison 
with normal animals under the same conditions, had accumulated less I in 
their thyroids and, further, that these rabbits had a definite release of thyroidal 
radio-iodine which was absent in hypophysectomized rabbits without pituitary 
grafts. Normal and hypophysectomized animals with grafts are compared in 
Text-fig. 1. Another striking feature is shown in this figure, namely that the 
slope of the release curves for the operated rabbits with grafts is about the 
same as for the normals, This does not mean that the rate of thyroid secretion 
of hormone equals that in the normals. One of the rabbits, however, did not 
release any “I from the thyroid. In this case injection of 0-4 USP units 
thyrotropin (‘Thyropar’, Armour, no. M 2004), caused a release of 40-5°% of 
the ™I present in the gland, which is within the range of normal responses. 
Histological examination of the eye of this animal showed absence of living 
anterior pituitary tissue. 

In the other nine rabbits L-thyroxine (L-Na thyroxinate) was injected intra- 
muscularly in varying doses. Text-figs. 2 and 3 show the effects of such treat- 
ment. It is apparent that the release of thyroidal iodine in these rabbits can 
be inhibited as in normal animals. However, when assaying quantitatively the 
daily secretion of endogenous thyroid hormone in terms of .-thyroxine 
(Brown-Grant & Gibson, 1955; Euler & Holmgren, 1955) it was found that 
most of the operated rabbits did show a reduced thyroid secretion. The results 
of these assays are given in Table 1. 

In four operated rabbits the effect of cold was tested. Simultaneously 
normal rabbits were exposed to the same lowered environmental tempera- 
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ture. None of the operated rabbits exhibited any change in their release curves, 
while all the intact rabbits showed a marked increase in the output of thyroidal 
iodine. 


Counts/sec 
| 


300 —- 
T T 
0 24 48 72 
Hours 
Text-fig. 1. Counting rates at the start of the experiments 72 hr after intramuscular injection 
of 6uce ™I (at zero time), and the initial rate of release of radio-iodine from the thyroids 


averaged over the first 72 hr. Filled circles: normal rabbits. Open circles: hypophysectomized 
rabbits with pituitary grafts. 


Four normal and four operated rabbits were anaesthetized for 24 hr with 
1-5 g urethane/kg body weight in 20% solution. Text-fig. 4 illustrates the 
effect on a normal rabbit. This procedure had no effect on the release of 
thyroidal iodine of the operated ones. 

Intramuscular injections of 11-dehydro-17-hydroxycorticosterone in doses 
of 5 mg twice a day for 2 days were performed on two operated rabbits and 
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one was given adrenal cortical extract ‘Eschatin’ 0-1 ml. intramuscularly. 
This treatment inhibited the release of radio-iodine from the thyroid. The effect 
of ‘Eschatin’ is illustrated in Text-fig. 3. 


x Enucleation 
eo of right eye 
6- 
424 T T T T T T T T T T T TT T a 
0 40 80 120 160 200 240 280 
Hours 


Text-fig. 2. The effects on the release of I from the thyroid of intramuscular injection of 
L-thyroxine and of enucleation of the eye bearing the pituitary graft. 


Thyroxine, 

25- 104g i.m. 
‘Eschatin’, 
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Enucleation 
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0 40 80 120 160 200 240 280 320 360 400 440 
Hours 
Text-fig. 3. Rabbit 233 (see Table 1). The effect on the release of I from the thyroid of intra- 
muscular injection of L-thyroxine, adrenal cortical extract ‘Eschatin’ and of enucleation of 
the eye bearing the pituitary graft. 


Final ‘hypophysectomy’, by enucleation of the eye which carried the 
pituitary graft, was performed in eight operated rabbits and the effect of this 
procedure studied on the release of radio-iodine from the thyroid. Five cases 
showed a prompt and definite inhibition of the release of thyroidal radio- 
iodine similar to the effect of hypophysectomy in normal rabbits (Brown- 
Grant et al. 1954). This effect is the one reproduced in Text-figs. 2 and 3. 
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Two rabbits did not show any significant change of slope of their release 
curves and one exhibited only a transient inhibition. Histological examina- 
tion showed that this lack of effect had to be attributed to incomplete 
hypophysectomy. Only one of these three rabbits had been submitted to 
cold environment, anaesthesia and cortisone treatment. 

Every one of the operated rabbits reported was at the end of the experimen- 
tation examined for the completeness of the hypophysectomy. In the three 
cases mentioned above, the hypophysectomy was incomplete. 


TaBLE 1, Summary of the results described in the text 


secretion Effect on release of 


in terms thyroidal "I of Response 
Rabbit Hypo- Grafted of pg L- enucleation of eye Response to anaes- 
no. physectomy tissue thyroxine bearing graft to cold thesia 
170 Incomplete Viable 13 Transient inhibition 
183 Incomplete Non-viable 18 No effect 
222 Complete Viable 8 Inhibition -- 
226 Complete Non-viable No release 
229 Complete Viable 5 Inhibition 
233 Complete Viable 10 Inhibition None — 
241 Complete Viable 8 _ None None 
242 Incomplete Non-viable 12 No effect None None 
245 Complete Viable 15 Inhibition None None 
250 Complete Viable 10 Inhibition None None 


In seven cases (see Table 1) viable adeno-hypophysial tissue was found in 
the anterior chamber of the eye. Generally the zone of fusion with the iris was 
richly vascularized and showed well-maintained parenchyma with typical nest 
formations surrounded by sinusoidal capillaries in which erythrocytes were 
seen. In the central and corneal regions of the grafts scar tissue was generally 
found. Differential staining with Azan revealed a predominance of chromo- 
phobe cells but numerous, well-granulated acidophils were also seen. No 
typical basophils were found. No signs of viable neuro-hypophysial tissue were 
found in any animal. Photomicrographs of viable grafts are reproduced in 
Pl. 1. 

DISCUSSION 
It has been demonstrated in the present paper that anterior pituitary tissue 
grafted into an eye, and thus lacking direct connexion with the median 
eminence, has been capable of maintaining some thyroid secretion. Several 
authors have reported that viable grafts of adeno-hypophysial tissue may be 
obtained in hypophysectomized animals, and that these grafts may to some 
extent be functionally active. However, all available data of any significance 
indicate that such grafts do not regain normal activity unless they have been 
revascularized from the hypothalamo-hypophysial portal vessels (Harris & 
Jacobsohn, 1952; Jacobsohn, 1954). Nevertheless, viable and partially func- 
tional grafts of anterior pituitary may be useful for the study of some endocrine 
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mechanisms (Cheng, Sayers, Goodman & Swinyard, 1949; Fortier, 1951; 
Greer, Scow & Grobstein, 1953; Scow & Greer, 1953; Silberberg, Silberberg & 
Opdyke, 1954). Greer and his collaborators were the first to report on thyroid 
activity in hypophysectomized rats bearing anterior pituitary grafts as judged 
from thyroid cytology and uptake of I (Greer, 1952; Greer et al. 1953; Scow 
& Greer, 1953). In our experiments on rabbits it has been definitely shown that 
the hypophysectomized animals with viable pituitary grafts release radio- 
iodine from their thyroids and, equally definitely, that this release is inhibited 
when the graft is removed. Further it has been demonstrated that the release 
of radio-iodine may be completely inhibited by exogenous thyroxine and 
enhanced by exogenous thyrotropin. Thus it is justified to conclude that the 
release of radio-iodine from the thyroid is equivalent to secretion of thyroid 
hormone and serves as an index of secretion of thyrotropin from the hypo- 
physial graft. This thyrotropin secretion from the graft is kept in check by 
the blood concentration of thyroxine. 

Thus the mechanism by which the homoeostasis of thyroxine is preserved 
has regained its functional capacity in spite of permanent disconnexion of the 
adeno-hypophysial parenchyma from the hypothalamus. Intact hypothalamo- 
hypophysial portal vessels are not a necessary condition for feed-back control 
of the thyroxine level in the blood. 

Although the posterior pituitary was not separated from the anterior 
pituitary when transplanted into the anterior chamber of the eye of the reci- 
pient, no sign of viable posterior pituitary tissue could be found. Furthermore, 
nothing has been reported in the literature to indicate that posterior pituitary 
grafts ever regain any functional activity. Posterior pituitary function is 
dependent on its nervous connexions which do not regenerate. Thus it seems 
justified to conclude that the posterior pituitary does not play any essential 
role in the mechanism preserving homoeostasis of thyroxine. 

However, the grafts were not able to maintain a normal level of secretion of 
thyrotropin. The experiments showed that the daily secretion of thyroxine was 
lower than in normal rabbits. Nevertheless, the thyroid glands were found to 
respond to exogenous thyrotropin in a normal way. To some extent the sub- 
normal level of secretion may depend upon the limited amount of transplanted 
adeno-hypophysial tissue that has become revascularized and thus viable. 
However, there was no sign of proliferation of the parenchyma secreting thyro- 
tropin due to the low level of thyroxine in the blood as judged from repeated 
assays of the daily thyroxine production (two cases) or from the cytology of 
the grafts. So-called thyroidectomy cells were not found in the grafts. 
Apparently the grafted anterior pituitary was lacking some stimuli which 
normally activate the intact pituitary and which probably are mediated by 
the hypothalamo-hypophysial portal vessels (cf. Harris, 1948; Harris & 
Jacobsohn, 1952; Jacobsohn 1954). 
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Another defect in the thyrotropin-thyroxine secretion of the grafted rabbits 
was their lack of response to the environmental temperature and to that form 
of physical stress provoked by anaesthesia. Chloralose and ‘Dial’ proved to 
give the same response in normal rabbits (C. v. Euler & U. Lying, unpublished). 
These factors, therefore, seem to adjust the pituitary thyrotropin secretion by 
the route of the hypothalamo-hypophysial portal vessels and not only by 
changes in the peripheral utilization of the thyroid hormone. This conclusion 
is supported by the circumstances illustrated in Text-figs. 4 and 5. Thus, after 
the cessation of exposure to cold (Text-fig. 5), there is an inhibition of thyroid 
secretion (cf. Brown-Grant e¢ al. 1954) and after the end of stress (Text-fig. 4) 
there is an increased output of thyroid hormone (cf. the figs. in Brown-Grant, 
Harris & Reichlin 1954a). The presence of these over-shoots is exactly what is 
expected on the assumption that processes of central nervous origin do come 
in as determinants for the level of activity in the thyroid-pituitary self- 
regulating system. Thus the thyro-pituitary feed-back preserves thyroid 
hormone in the blood at a concentration set by the central nervous system. 

The nature of transmission along the portal vessels is as yet unknown. How- 
ever, the data in this paper indicate the necessity of assuming two active 
transmitter mechanisms, one excitatory and one inhibitory in function. Since 
in the absence of the portal vessels secretion of thyrotropin may be obtained, 
and since in the intact animal a complete inhibition as well as an excitation of 
the thyrotropin secretion can be provoked by the route of the portal vessels, one 
transmitter mechanism does not suffice. However, it is not necessary to 
assume liberation of two different transmitter substances. 

Our results agree well with those of Brown-Grant, Harris & Reichlin (cited 
from Harris, 1955), obtained in stalk-sectioned rabbits as well as with the 
results of Greer et al. (1953) obtained in mice in so far as they concern 
the tropic action of thyroid-stimulating hormone. Following hypothalamic 
lesions these authors found a dichotomy between the ability to stimulate 
thyroidal accumulation of iodine and to maintain thyroid size, the trophic 
activity being more profoundly impaired than the tropic activity (Greer, 1952; 
Greer et al. 1953: Scow & Greer, 1953). In conclusion, these authors assume 
the existence of two different thyroid-stimulating hormones. In the present 
work the trophic activity of thyroid-stimulating hormone has not been dealt 
with since the arrangement of the experiments did not permit us to study the 
effect of pituitary transplant on thyroid weight. 

We have in several respects reached conclusions similar to those drawn by 
Fortier (1951) studying the dual control of adrenocorticotropin. 

Cortisone has an inhibitory effect on thyroid secretion, as shown by Myant 
(1953) and by Brown-Grant, Harris & Reichlin (19545). The latter authors 
found this effect to be mediated by a decreased secretion of thyrotropin. Our 
results indicate that intact hypothalamo-hypophysial connexions would not be 
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Text-fig. 5. The change in release of #1 from the thyroid in response to lowering the 
environmental temperature. ‘Normal’ rabbit. 
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necessary for this inhibitory effect of cortisone. Cortisone and thyroxine thus 
seem to have synergic effects on the secretion of thyrotropin. — 

The percentage decrease of the thyroid content of radio-iodine, i.e. the slope 
of the ‘release curve’, was found to be approximately the same in rabbits 
bearing pituitary grafts and in normal animals (cf. Text-fig. 1). This means 
that after hypophysectomy and transplantation of anterior pituitary tissue 
the iodine trapping of the thyroid will be adapted to the new level of secretion 
of hormonal iodine. This circumstance necessitates repeated assays of the daily 
output of thyroxine in long-term experiments if it is desired to make any 
reliable comparison of thyroid activity at different times. 


SUMMARY 

1. Hypophysectomized rabbits bearing pituitary grafts in the anterior 
chamber of the eye released thyroidal radio-iodine at about the same rate as 
did normal controls. 

2. This release was inhibited by systemic administration of thyroxine. The 
amount of L-thyroxine sufficient to inhibit thyroid secretion for 24 hr was 
considerably less in the grafted animals than in the intact controls. 

3. Exposure to a cold environment or submission to ‘stress’ had no influence 
on thyroid secretion in the grafted animals. 

4. Adreno-cortical extract and cortisone inhibited thyroid secretion in the 
grafted animals. 

5. It is concluded that the feed-back control of thyroid secretion is not 
impaired by disconnecting the normal pathways between hypothalamus and 
anterior pituitary gland. However, the setting of the feed-back system to an 
adequate level of circulating hormone seems impossible in the absence of the 
normal hypothalamo-hypophysial connexions. 


This work has been supported by grants from the Foundations ‘Therese och Johan Anderssons 
Minne’ and ‘Magnus Bergwalls Stiftelse’. 
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EXPLANATION OF PLATE 


‘Fig. 1. Section through eye bearing pituitary graft. The figure shows the position of one graft in 


relation to sclera and to iris. Azan stain. 10. 

Fig. 2. Section of pituitary graft in the anterior chamber of eye. Vital adeno-hypophysial tissue 
at the zone of fusion with the iris. Scar tissue in more central region. Azan stain. 10. 
Green filter. 

Fig. 3. Section of pituitary graft in the anterior chamber of the eye at the fusion with the iris. 
Acidophil (dark) and chromophobe (light) cells. The smal] black cells are erythrocytes. Azan 
stain. 10u. Green filter. 
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ELECTROPOTENTIAL CHANGES OF THE SMALL INTESTINE 


By H. I. 0. ARMSTRONG, G. W. MILTON anp A. W. M. SMITH 


From the Wilkie Surgical Research Laboratory, Department of Surgery, 
University of Edinburgh | 


(Received 13 June 1955) 


The electrical phenomena which can be recorded from the small intestine are 
of two distinct kinds: (1) a slow repetitive rhythmical wave, and (2) a series of 
rapid spike deflexions (Fig. 1). They have been recorded in vitro in studies on 
the isolated gut by Ambache (1947), by Berkson (1933) and by Bozler (1946), 
who described in addition an ‘isoelectric’ period coincident with the presence 
of spikes. Berkson, Baldes & Alvarez (1932) had previously described similar 
potential changes in the intestine of anaesthetized and pithed rabbits, but did 
not discuss the possible significance of the marked difference between the 
appearance of the slow wave and the rapid spike deflexions. Puestow (1933) 
also recorded the slow rhythmical electropotential wave in isolated intestinal 
transplants on the ventral abdominal wall of the dog. Ambache (1947), 
Berkson (1933) and Puestow (1933) considered that the slow wave might 
originate in some nerve net within the bowel wall acting as a pacemaker, but 
Bozler (1946) thought that it arose in the smooth muscle of the intestine and 
was not related to nervous tissue; all these investigators agreed that the rapid 
spike deflexions were muscle action potentials. We have shown (Milton, Smith 
& Armstrong, 1955) that the slow wave can be recorded from the duodenum of 
the dog in vivo, and also that the frequency and amplitude of the slow wave 
are not affected by the presence, absence or magnitude of duodenal movement. 
We concluded then that the slow rhythmic wave probably arises in some pace- 
maker mechanism which supplies a rhythmic and co-ordinated stimulus to the 
intestinal muscle, and so governs the linear velocity and frequency of intestinal 
contractions but not necessarily the magnitude of these contractions, which 
would depend on the muscle response to the pacemaker stimulus. If the slow 
wave does arise in a controlling mechanism of the intestine, it might be expected 
that the wave would have different characteristics at different levels of the 
small bowel. The purpose of the present paper is to place on record some marked 
regional differences in the slow wave which do indeed exist between the 


duodenum, jejunum and ileum. 
10-2 
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METHOD 


Sixteen adult healthy mongrel bitches, weighing 10-18 kg, were used. A loop of small bowel was 
exteriorized in continuity on the ventral abdominal wall and surrounded with a bipedicled skin 
tube by the technique of Biebl (1930) and of Douglas (1948). The loops were 10-12 cm long, and 
the blood and nerve supplies remained as far as possible intact. In six bitches the exteriorized 
segment was the second part of the duodenum caudal to the bile and pancreatic ducts; in four the 
jejunum was used, the cephalic end of the loop beginning 15 cm caudal to the ligament of Treitz in 
one of these, and 50 cm in the other three. In the remaining six animals the terminal ileum was 
exteriorized 5-10 cm above the ileo-caecal junction. 

After wounds had healed, the investigation was carried out as follows: 

The experiments were started at 2 p.m. The dogs had been fed at 3 p.m. on the previous day and 
on the day of the experiment they were given milk at 8.30 a.m. and allowed water up to the time 
of the experiment. The animals were anaesthetized with pentothal, and light anaesthesia was then 
maintained with ether. 

The electrodes used in this investigation consisted of pairs of hypodermic needles (size 16). The 
needles were inserted separately into the subcutaneous tissue between the skin and the bowel wall 
and were not more than 2 or 3mm"apart. The needles could be inserted repeatedly without 
damaging the gut. It was possible to observe any visible movement taking place in the gut while 
the electrical tracings were being recorded. 

The electrical recording apparatus consisted of a portable Ediswan ink-writing electroencephalo- 
graph (model vosinrse a stabilized power pack (model EPP), and two Ediswan single channel 
electr logical amplifiers (model EPA). The frequency response and the time constant used 
in alll experiments were 600 c/eec and 1 sec, respectively, but the amplification was varied in each 
experiment. 

The frequency of the slow wave was counted over 20-30 min periods from a pair of electrodes 
placed at the oral end of the loop (electrodes A). The linear velocity of the slow wave was 
measured by inserting three pairs of electrodes 1 cm apart on the distal side of A (electrodes B—D). 
The distance between each pair of electrodes and the distance A~D was checked with a pair of 
dividers. If the slow wave spread from A to B then to C and D, fifty consecutive readings for the 
time taken for it to pass from A to D were recorded and the linear velocity of the slow wave was 
calculated. The calculation was carried out on two separate occasions on different days in dogs 
with jejunal or ileal loops showing a linear spread of the slow wave. Although the linear velocity 
of the slow wave in the duodenum has previously been recorded by us (Milton et al, 1955) on four 
dogs not included in the present series, it was then measured by a slightly different technique. In 
the present series the linear velocity was therefore also measured in six animals with exteriorized 
duodenal loops so that the technique should be the same as that used for the study of the jejunum 
and ileum. The duration of the slow waves was measured by inserting pairs of electrodes at many 
different levels of the loop and recording a maximum of twenty to thirty waves from any one level. 
The duration of the recorded waves was then measured by means of a calibrated Perspex sheet 
placed over the record. 


RESULTS 


Frequency - the te waves. The frequency of the slow wave as recorded from 
the duodenum, jejunum and ileum, respectively, is set out in Table 1. The mean 
frequency obtained from six dogs with duodenal loops was 18-50 +0-53/min, 
and from the four dogs with jejunal loops 17-6 + 0-46/min. The mean frequency 
of the slow wave observed in the six dogs with ileal loops was less, 12-5 + 0-32/min. 
The frequencies of the slow waves of the duodenum and jejunum were not 
significantly different, but there was a highly significant difference between the 
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frequency of the slow waves recorded from either of these parts of the bowel 
and that of the waves from the terminal ileum (P<0-001). Specimen 
records obtained from duodenum, jejunum and ileum are shown in Fig. 1. 


TaBie 1. Mean frequency of the slow waves recorded from intestinal loops of dogs. 
~The figures in brackets _— the number of observations 


Duodenum Jejunum Tleum (oral) 
Dog Waves/min Dog Waves/min Dog Waves/min Waves/min 
1 18-0740-05 (30) 7  17-0840-15 (30) 11 —12-804.0-11 (40) 
1 18:270-08 (30) 8 15704018 (20) 11 12-96 40-13 (25) = 
2 18-67 +0-08 (40) 8 17-95+0-11 (40) 12 11-75 + 0-25 (20) 11-35 +0-15 (20) 
3 16-67 +0-13 (30) 8 16-47 + 0-13 (30) 12 11-52 + 0-16 (40) 10-97 +.0-20 (40) 
3 (30) 8  17-5840-18 (25) 13 12-46 4. 0-12 (35) 12-11 (35) 
4  20-5640-11 (20) 9  17-4040-13 (30) 14 13-36 4. 0-20 (25) 12-76 +. 0-18 (25) 
5  17-2740-20 (30) 9 17-17-4013 (30) 15 12-17 £011 (40) 12-15 +.0-16 (40) 
5 18-37 +0-11 (30) 9 18-00 + 0-19 (20) 15 11-75+0-14 (40) 11-60 + 0-14 (40) 
6 19-10+40-12 (30) 10 0-10 (30) 
10 18-560 40-15 (20) 
Total: Total: Total: 
6 dogs 18-50+40-53 4dogs |) 17-60+0-46 
12-17 40-16 (200) 11-82 4.0-15 (200) 
Simultaneous record 
(a) Duodenum 
(b) Jejunum 
[ (c) lleum 


Fig. 1. Specimen tracings obtained from (a) duodenum, (}) jejunum, and (c) ileum of different 
dogs. In (a) and (b) the gut was actively contracting, and both types of electrical activity are 
present in the records; in (c) there was no visible movement and an almost complete absence 
of spike deflexions; slow waves persisted. Time in seconds. Calibration (a) 0-4 mV, (6) 1-5 mV, 
(c) 0-25 mV. 


In four dogs with ileal loops the frequency of the slow wave was recorded 
simultaneously from the proximal and distal ends of the loop. The frequency 
was slightly faster at the proximal end of the loop (P < 0-02). 

Linear velocity of the slow waves. In one ileal, two jejunal, and all the duo- 
denal loops when visible movement was present it was in a descending 
direction. Peristaltic movements appeared to pass more slowly along the 
jejunum and ileum than along the duodenum, but we found the velocity of 
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visible movement difficult to estimate. Bayliss & Starling (1899) and Douglas 
(1948) have mentioned the inaccuracy of visible estimation of the linear 
velocity of peristaltic waves. However, during most of these experiments the 
gut was quiescent and we were unable to see or feel any movement. The rapid 
spike deflexions were never present on the electrical record when there was no 
visible movement of the intestine, but, as we have shown previously (Milton et al. 
1955), the slow electropotential waves continued in the absence of all visible 
and palpable movement (Fig. 10). These dogs which showed a steady progres- 
sion of peristaltic waves in the exteriorized loops also showed a linear spread 


TaBLE 2. Mean linear velocities (cm/sec) of the slow waves recorded from intestinal loops 
of dogs. Figures in brackets show the number of observations. 


Duodenum Jejunum Tleum 
“Dog Velocity (cm/sec) Dog Velocity (cm/sec) Dog Velocity (cm/sec) 
1 10-29+ 0-10 (100) 1-42+0-21 (50) ll 0-72+4+0-22 (50) 
1 12-83 +0-17 (100) 9 1-83+0-54 (50) ll 0-27+0-06 (50) 
6 11-45 +.0-14 (50) 9 1-1840-14 (100) 
5 14-55+0-25 (50) 10 2-3340-20 (50) 
3 12-4740-19 (50) 10 2-25+0-32 (50) 
2 21-96+40-15 (50) 
Total: Total: Total: 


13-92 + 1-72 (400) 1-80 +.0-25 (300) 0-50 +.0-08 (100) 


of the slow wave in a descending direction, even at times when visible move- 
ments were absent. If the slow wave in these animals became slightly irregular 
in timing at the upper electrode, a corresponding irregularity in timing 
followed at the caudal electrode. The linear velocity of the slow wave is shown 
in Table 2. The mean velocity of the slow wave recorded from the six animals 
with duodenal loops was 13-92 + 1-72 cm/sec, from the two with jejunal loops 
1-80 + 0-25 cm/sec, and from one with an ileal loop 0-50 + 0-03 cm/sec. The 
difference between duodenal and jejunal and ileal velocities is significant 
(P <0-0001). 

In two jejunal loops and in five ileal loops the slow waves recorded from the 
upper end of the loops were independent of those recorded from the caudal end, 
and minor irregularities in timing might occur at the upper but were not 
repeated at the caudal electrode. When present in these animals visible 
movements appeared to be segmental during the experiments and did not 
progress down the gut as a peristaltic wave. 

Duration of the slow wave. The duration of the slow wave recorded from the 
three levels of the small intestine is shown in Fig. 2. The mean duration 
recorded from the duodenum was 0-34+0-03 sec (600 waves), from the 
jejunum 0-52+0-31 sec (520 waves) and from the ileum 0-90 +0-05 sec 
(510 waves). The time constant of the amplifier was not sufficiently long to give 
an accurate reproduction of many of the ileal waves, but it was sufficient to 
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show the difference of the duration of the ileal slow waves as compared with 


those recorded from the duodenum and jejunum. The duration of the jejunal 


waves was significantly different from that of the duodenal waves (P <0-01). 
The difference between the duration of the slow wave of the jejunum and that 
of the ileum is highly significant (P <0-001). 


0 
Seconds 0 O250507510 0 0250507510 0 1:75 
D um Jejunum Hleum 


Fig. 2. Duration of the slow wave recorded from the duodenum, jejunum and ileum. 
Ordinate, number of waves, abscissae, duration in seconds. 


DISCUSSION 


The correct interpretation of these findings must be uncertain as long as the 
origin of the slow rhythmic electropotential wave remains in doubt. We have 
not found these results to oppose the suggestion that the slow wave originates 
from a mechanism which supplies a rhythmic and co-ordinated stimulus to the 
musculature of the bowel wall. 

Alvarez (1914, 1915) showed that the proximal end of the small intestine of 
the rabbit had a greater frequency of rhythmical contraction than the distal 
end. Alvarez (1915) and Alvarez & Mahoney (1922) described a smooth 
gradient of decreasing frequency of rhythmic contractions from the pylorus to 
the caecum. Castleton (1934) demonstrated a similar decline of frequency of 
the mechanical contractions in the dog. However, Douglas (1948) showed that 
the small intestine of the dog appeared to have two distinct zones of rhythmic 
frequency: an upper zone including the duodenum and at least 30 cm of the 
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jejunum in which the rate was between 17 and 19 contractions/min, and a lower 
zone, the terminal ileum, with 11-14 contractions/min. If the slow wave 
governs the frequency of contraction of the small bowel, then the frequency of 
the slow wave should be about 17—19/min in the duodenum and jejunum, and 
between 11 and 14/min in the terminal ileum. Our findings of the frequency of 
the slow wave at different levels of the small bowel therefore agree closely with 
the findings of Douglas for the frequency of mechanical contractions in the 
jejunum and ileum. 

Douglas (1948) estimated the linear velocity of peristaltic contractions in 
the duodenum to be between 15 and 30 cm/sec. He also stated that he had not 
seen antiperistalsis in the duodenum of the dog and we have never seen the 
slow wave travel in an oral direction. Bayliss & Starling (1899), by watching 
the exposed intestines, estimated the linear velocity to be between 2 and 
5 cm/sec. They did not state the exact level of the small bowel they observed, 
but it would seem, from the account of their experiments, that they were 
studying the jejunum and ileum, and not the duodenum. Consequently, the 
linear velocity of the slow wave in the jejunum which we have found, approxi- 
mately 2 cm/sec, agrees with their estimate of the slower spread of mechanical 
contractions at this level of the small bowel. Our findings in the one animal 
which showed descending propagation of the slow wave in the ileum suggest 
that the linear velocity of peristalsis when it occurs at this level may be slower 
than either in the duodenum or jejunum. The anatomical basis for this 
decreasing velocity of the slow wave is doubtful. In common with some 
previous investigators, we have suggested that the slow wave might originate 
from nervous structures in the bowel wall. But from the studies of Irwin (1931) 
and Meyling (1953), there does not appear to be any gross change in either the 
cell population or the fibre size at different levels of the small intestine which 
might account for the differences in the frequency and velocity. Bozler (1946) 
believes that the slow wave is conducted through a muscle syncytium in the 
bowel wall across the intercellular bridges similar to those found in the ureter 
by Englemann (1870). The existence of the intercellular bridges has never been 
conclusively proved (Williams, 1954). A more interesting speculation is that 
of Keith (1915), who postulated the existence of a system of ‘ Purkinje’ fibres 
in the gut, which are responsible for the conduction of the excitatory wave. If 
: such fibres exist, they might well have different characteristics at different 
levels of the intestine. 


SUMMARY 
1. A method is presented of obtaining records of the electropotential 
changes of the small intestine of the dog in vivo. 


2. The frequency, linear velocity and duration of the slow electropotentia! 
wave of the duodenum, jejunum and ileum are recorded. 
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3. In the duodenum and jejunum the frequency of the slow wave was 
greater than in the terminal ileum. 


4. The linear velocity and the duration of the slow wave increased from the 
duodenum to the ileum. | 


We are grateful to Dr B. Woolfe, M.A., Ph.D., Department of Animal Genetics, for his help in 
the statistical evaluation of our results. 
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PHARMACOLOGICAL INVESTIGATIONS ON A CENTRAL 
SYNAPSE OPERATED BY ACETYLCHOLINE 


By J. C. ECCLES, ROSAMOND M. ECCLES anp P. FATT 
Department of Physiology, Australian National University, 
Canberra, Australia 


(Received 13 June 1955) 


Recently it has been shown that impulses in the motor-axon collaterals 
synaptically excite a special group of interneurones (called Renshaw cells) 
lying in the ventro-medial region of the ventral horn of the spinal cord (Eccles, 
Fatt & Koketsu, 1954). It would be expected that synaptic transmission from 
these collaterals of motor axons would be mediated by the same transmitter 
substance that operates at the peripheral neuro-muscular junctions of these 
motor axons, i.e. by acetylcholine, and pharmacological investigation con- 
firmed this expectation. However, in some respects the pharmacological 
findings display anomalies: for example dihydro-f-erythroidine was a powerful 
blocking agent, whereas p-tubocurarine was ineffective; in contrast to such 
anticholinesterases as eserine and TEPP, prostigmine was found to be virtually 
ineffective; finally there was a large variation in the excitatory action pro- 
duced by intra-arterial injections of acetylcholine. The present paper gives an 
account of further pharmacological investigations which have been performed 
on this synaptic mechanism in an attempt to account for these anomalies, and 
also of the further exploration of the pharmacological behaviour of Renshaw 
cells, 

The methods of investigation have been previously described (Eccles et al. 
1954), the experimental animal being the cat. The intra-arterial injection 
technique has been essentially that described by Holmstedt & Skoglund (1953). 
Despite the ligation of all the vessels from the lower region of the aorta (below 
the renal arteries) except the lumbar arteries, the injection (usually 1 ml.) 


must be distributed to an extensive area of tissue including the lumbar 
musculature. 


RESULTS 
The excitatory action of acetylcholine and nicotine 
When relatively small quantities of acetylcholine chloride (10-100 ug) were given 
by intra-arterial injection, it has already been reported (Eccles et al. 1954) that 


~ 
« 
3 


ut 


PHARMACOLOGY OF A CENTRAL SYNAPSE 155 


after a latent period of about 2 sec most Renshaw cells respond by a repetitive 
discharge that persists for several seconds. However, there was a wide varia- 
tion in their responsiveness to acetylcholine. For example, with two cells the 
threshold was as low as 8g and with nine other cells it was below 30 ug, while 
several cells failed to respond even to 100g. Furthermore, it was frequently 
observed that the responsiveness of Renshaw cells declined with successive 
injections of acetylcholine. For example, with two cells kept under observa- 
tion for a long period, a threshold value of 204g changed gradually to one of 


ACh 


Fig. 1. Responses of a Renshaw cell recorded with a microelectrode in close proximity, downward 
deflexion signalling negativity. All traces are oblique because the transverse sweeps are 
recorded on a continuously moving film. Each sweep occupies about 200 msec, and only 
a few milliseconds separate the successive sweeps. Intra-arterial injection of 100yug of 
acetylcholine chloride increased the slow spontaneous rate of discharge of the Renshaw cell 
(about 5/sec in A) to about 25/sec in the three successive traces of B which occurred at the 
height of the discharge. Similarly, the intra-arterial injection of 0-2ug of nicotine increased 
the response of this same cell from the spontaneous rate of C to a maximum of about 20/sec 
in D, while 2ug of nicotine caused the much larger effect, E to F. G shows the response of 
this Renshaw cell to an antidromic volley in L7 ventral root, the sweep speed being too slow 
for discrimination of the initial high-frequency discharge. 


200 ug. This declining responsiveness to successive injections of acetylcholine 
has previously been reported for sympathetic ganglion cells (Feldberg & 
Vartiainen, 1934) and for the motor end-plate (Brown, Dale & Feldberg, 1936). 
Some Renshaw cells, however, even failed initially to respond to 100yug of 
acetylcholine. A possible explanation of this changing responsiveness would 
be that vascular changes diminished the effectiveness with which the injected 
solution was applied to the Renshaw cells. This explanation can be tested by 
investigating the responsiveness of Renshaw cells to another excitatory agent, 
nicotine, at intervals during a serial investigation with acetylcholine injections. 
According to the above explanation it would be expected that there would be 
parallel changes in responsiveness. 
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All Renshaw cells that have been tested have been very sensitive to nicotine 
given by intra-arterial injection. The smallest effective quantity has varied 
from 0-2 to 2g of the pure alkaloid in the seven cells in which by graded 
dosage there has been an evaluation of the threshold. As illustrated in Fig. 1, 
Renshaw cells have always been much more sensitive to nicotine than to 
acetylcholine, 0-2g nicotine producing in this cell (cf. Fig. 1C with D) about 
the same intensity of response as 100g of acetylcholine chloride (cf. Fig. 1 A 
with B), while 2ug of nicotine evoked a frequency of discharge as high as 
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Fig. 2. The total number of discharges in successive seconds, i.e. the frequency per second, is 
plotted as ordinates against the times after the intra-arterial injection as abscissae. In 
Fig. 2A the dotted line illustrates the response to 100g of acetylcholine (mean of response 
to five injections, Fig. 1 A, B being part of one), while the continuous line shows the response 
to 0-2yg of nicotine (mean of responses to three injections, Fig. 1C, D being part of one). 
Fig. 2B, as in Fig. 2A, but mean of responses to two injections of 2g of nicotine, Fig. 1 E, 
F being part of one. 


100 per sec (cf. Fig. 1K with F). In addition, the response evoked by nicotine 
has always had a slower rising phase and a much slower decline (the 0-2. 
response of Fig. 2A), being much more prolonged than an acetylcholine-evoked 
response of the same frequency (the 100mg response of Fig. 2A). Only the 
first 15 sec of the responses evoked by 2g of nicotine was photographed 
(cf. Fig. 2B). Total durations of several minutes have been observed for such 
large responses (cf. Fig. 7). 

When injected intra-arterially, nicotine has usually been 50 to 200 times as 
effective as acetylcholine in evoking discharges of Renshaw cells. Animportant 
factor determining this high ratio is revealed by the series of Figs. 3 and 4. 
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Initially an injection of 200g of acetylcholine was required to evoke a small 
response (Fig. 3B) similar to that evoked by an injection of lpg of nicotine 
(Fig. 3C), i.e. nicotine was about 200 times as effective as acetylcholine. After 
the intravenous injection of 0-2 mg/kg of eserine sulphate, there was the 
typical increase in duration of the Renshaw cell discharge evoked by an anti- 
dromic volley in the motor axons (cf. Fig. 3D with A; Eccles et al. 1954). The 
anticholinesterase had presumably depressed the devtuenticns of the trans- 


Fig. 3.. Responses of another Renshaw cell recorded as in Fig. 1, but there was no spontaneous 
discharge, A is response to a single antidromic volley in L7 ventral root, while B and C show 
three successive sweeps at the height of the responses evoked by intra-arterial injection of 
200yug of acetylcholine and lyg of nicotine respectively. Several minutes after the intra- 
venous injection of 0-2 mg/kg eserine, the responses A, B and C were changed to D, E and F. 
Inadvertently with these latter records there was a delay of almost 200 msec between 
successive sweeps. 

mitter substance (presumably acetylcholine) by cholinesterase. Corre- 

spondingly, the injection of 200 ug of acetylcholine now evoked a more intense 

and prolonged response (Fig. 3E), while there was even a slight diminution in 
the response evoked by 1 Hg of nicotine (Fig. 3F). The further intravenous 
injection of 1-0 mg/kg of eserine caused the Renshaw cell to discharge without 
additional application of acetylcholine for many minutes at a frequency of 
about 15/sec. This effect is regularly observed after the injection of large doses 
of anticholinesterases, being presumably due to the action of acetylcholine 
spontaneously liberated from the synaptic terminals. When this spontaneous 
discharge had ceased, the responses of Fig. 4A—D were recorded. The very 
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prolonged discharge (about 3 sec in duration) evoked by a single antidromic 
volley (Fig. 4A) showed that the cholinesterase activity had been depressed 
to a low value. Correspondingly, there was a large increase in the effectiveness 
of injected acetylcholine, 50g giving a large response (Fig. 4B), while 20,2 
gave much the same response (Fig. 4C) as lg of nicotine (Fig. 4D). It will 
be observed that the effectiveness of nicotine had not been significantly 
changed by the large dose of anticholinesterase. 


1 mg/kg eserine 50 og ACh E melee DHE 


Fig. 4. Recording of same Renshaw cell as in Fig. 3, but several minutes after the further intra- 
venous injection of 1-0 mg/kg eserine sulphate. A shows response evoked by a single anti- 
dromic volley, while B-D show respectively three successive records at the heights of the 
responses evoked by the intra-arterial injections of 50ug acetylcholine, 20ug acetylcholine 
and lyug nicotine. Records E~G were obtained during the maximum of the depression 
produced by the intravenous injection of 0-4 mg/kg dihydro-f-erythroidine hydrobromide, 
E being evoked by the antidromic volley and F and G by the intra-arterial injections of 
200 ug acetylcholine and 10yug nicotine respectively. 


Thus the injection of 1-2 mg/kg of eserine increased the sensitivity of 
Renshaw cells to acetylcholine by about 10 times, the ratio to nicotine 
sensitivity having been increased from 1 in 200 to 1 in 20. This selective effect 
of eserine can be attributed to its action as an anticholinesterase. The absence 
of any significant change in the response of the Renshaw cell to nicotine 
indicates that in the doses used eserine had no direct effect on the excitability 
of Renshaw cells. The anticholinesterase not only increased, but also pro- 
longed, the Renshaw cell discharge evoked by a given injection of acetyl- 
choline. These effects on another Renshaw cell are illustrated in Fig. 5, where 
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the time courses of responses evoked by 30 ug of acetylcholine are plotted 
before and after two doses of eserine. However, the responses evoked by 
acetylcholine were still much briefer than those evoked by nicotine (ef. Figs. 2, 
7). Possibly there was still enough active cholinesterase to account for this 
difference, but heavier dosage with anticholinestérase caused a rapid back- 
ground discharge of the Renshaw cell and so made the later stages of a response 
indeterminable. One other feature of interest is that, even when no other 
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Fig. 5. Time course of the responses evoked in a different Renshaw cell by the intra-arterial 
injection of 30ug acetylcholine, plotted as in Fig. 2. Throughout there was no spontaneous 
discharge. The response before eserine is shown by A, B and C showing responses after the 
intravenous injection of 0-2 and a further 0-5 mg/kg eserine respectively. Finally, D shows 
the response after the intravenous injection of 0-1 mg/kg dihydro-f-erythroidine. 


drugs had been injected, there were large differential changes in the sensitivity 
of the Renshaw cells to acetylcholine and to nicotine. Invariably the sensi- 
tivity to nicotine has increased during a series of injections, often by a factor 
of 10, while at the same time there has usually been a decline in the sensitivity 
to acetylcholine. This divergence is at present inexplicable. 
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In contrast to the selective change in sensitivity produced by an anti- 
cholinesterase, the intravenous injection of dihydro-f-erythroidine hydro- 
bromide caused approximately the same change in the excitability of the 
Renshaw cells to nicotine and to acetylcholine. For example, after the intra- 
venous injection of 0-4 mg/kg of dihydro-f-erythroidine, 10yug of nicotine 
evoked the response of Fig. 4G, which is little more than that evoked by 1 yg 
prior to the injection (Fig. 4D), and 5g of nicotine was quite ineffective. At 
the same time the sensitivity to acetylcholine was also greatly reduced, 200 ug 
evoking a smaller response than did 20g prior to the injection (cf. Fig. 4F 
with C). The response evoked by an antidromic volley was also reduced 
characteristically (cf. Eccles et al. 1954) so that virtually only the short initial 
burst remained (cf. 4E with A). It appears that the intravenous injection of 
0-4 mg/kg of dihydro-8-erythroidine had diminished the sensitivity of the 
Renshaw cells to both nicotine and acetylcholine to about the same degree 
(about 10 times). This effect parallels the action of p-tubocurarine (and pre- 
sumably dihydro-f-erythroidine) at the synapses of sympathetic ganglia. 

The effect on motoneurones of the various changes in Renshaw cell dis- 
charges can be seen in an experiment in which the microelectrode was recording 
simultaneously from a Renshaw cell and the axon of a rhythmically dis- 
charging motoneurone (Fig. 6A). When an intra-arterial injection of 20g 
nicotine greatly increased the frequency of the Renshaw cell discharge 
(Fig. 6B), there was first a slowing of the motoneurone discharge and later 
suppression of all discharge, as is shown in the plotted course of the Renshaw 
cell and motoneurone discharges (Fig. 7). As the frequency of the Renshaw 
cell discharge gradually declined, there was some return of the motoneurone 
discharges (Fig. 6C and the intermediate part of Fig. 7), but recovery to the 
initial frequency did not occur until an intravenous injection of 0-1 mg/kg of 
dihydro-8-erythroidine (DHE) virtually suppressed the Renshaw cell dis- 
charge (Fig. 6D and the latter part of Fig. 7). These changes are readily 
explicable by the inhibitory action which Renshaw cells have been shown to 
exert on motoneurones (Eccles et al. 1954). If this information were not 
available, the changes in motoneuronal responses could be taken to indicate 
that nicotine had a direct depressant action on motoneurones and that this 
effect was blocked by dihydro-f-erythroidine. Possibly the depressant action 
which nicotine was observed to have on spinal reflexes (Schweitzer & Wright, 
1938; Biilbring & Burn, 1941) is explicable by its excitatory action on the 
Renshaw cells with the consequent inhibition of motoneurones. 

Several other substances (succinylcholine, decamethonium, mecholyl and 
arecholine) having an action resembling acetylcholine on other tissues have 
been tested by intra-arterial injection. The first two are nicotinic and the other 
two muscarinic in action. All have been uniformly without effect on Renshaw 
cells. In view of the wide variation in the effectiveness of acetylcholine when 
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Fig. 6. Combined records of Renshaw cell and motoneurone recorded as in Fig. 1, both being 


identified by the characteristic responses evoked by an antidromic volley in L7 ventral root. 
Throughout, the motoneuronal spikes are indicated by dots placed just over their diphasic 
component. A shows three successive records of spontaneous discharges, which were at 
a regular rhythm of about 15/sec for the motoneurone, but only rarely for the Renshaw cell— 
the single large spike. B shows the height of the reponse to an intra-arterial injection of 
204g of nicotine. The Renshaw cell now gives the small spike at over 100/sec (note one 
double response), while the motoneurone gives the larger spike with a pronounced diphasic 
form. Presumably a small movement was responsible for the alteration in the relative sizes 
of the two types of spike. C shows response over 1 min after the injection, the frequency of the 
Renshaw cell discharge having fallen to about 60/sec (note three double discharges). Finally, 
D shows effect of an intravenous injection of 0-4 mg/kg dihydro-f-erythroidine in slowing the 
Renshaw cell discharge with consequent recovery of the motoneuronal discharge. 

7. Time course of responses of Renshaw cell (continuous lines) and motoneurone (dotted 
lines), plotted as in Fig. 2, for the series illustrated in Fig. 6A-D. Characteristic diagonal 
hatchings are used to distinguish the two responses. 
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given intra-arterially, further tests are desirable. However, with two Renshaw 
cells succinylcholine chloride was ineffective in a dose 10 times as large as an 
effective dose of acetylcholine chloride, and when the cholinesterase was 
largely inactivated by eserine, succinylcholine was found to be ineffective in 
a dose that was 50 times the effective dose of acetylcholine. Doses of 100 to 
200 wg of the other three substances were similarly ineffective. 


01 mg/kg NU 2126 


0-1 mg/kg NU 2126 
4min 30sec | 


100 msec 


Fig. 8. Renshaw cell discharge evoked by maximum antidromic volley in L7 ventral root, 
A and G being before and B—-F and H and I being after intravenous injection of 0-lmg/kg of 
NU 2126. The interval after the injection in minutes is marked at the side of each record. 
Upward deflexion signals negativity of the microelectrode, i.e. the reverse of Fig. 1. 


: Action of anticholinesterase drugs 

In the previous paper (Eccles et al. 1954) there was an illustration of the 
effect of eserine in greatly prolonging the duration of the discharge which an 
antidromic volley evoked from a Renshaw cell. Fig. 8 illustrates the similar 
effectiveness of another anticholinesterase drug, dimethyl carbamate of 
3-hydroxy-2-dimethylaminomethyl pyridine dihydrochloride (NU 2126), 
which has been found to be a very potent anticholinesterase at the amphibian 
neuro-muscular junction (Eccles & Macfarlane, 1949). The characteristic slow 
onset of the effect is seen in Fig. 8B to E. The prolongation and increased 
frequency of the later phases of the discharge in Fig. 8A to F contrast with 
the unchanged initial high frequency phase of the discharge (Fig. 8G, H, I). 

The anticholinesterase, tetraethyl pyrophosphate (TEPP) resembled eserine 
and NU 2126 in its action on the Renshaw cell response evoked by an anti- 
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dromic volley (Fig. 9), but it appeared to be only about half as effective as 
these two very potent substances. Diisopropylfluorophosphate, DFP, also 
had a similar action, but had to be given in a dose as large as 1 mg/kg. 

In contrast to these anticholinesterases, prostigmine was much less effective, 
even in @ dose as large as 2 mg/kg. For example, in Fig. 10 an injection of 
1 mg/kg of prostigmine bromide caused only a small -prolongation of the 
responses evoked by a single antidromic volley and by a brief train of anti- 
dromic volleys (compare Fig. 10C with A and D with B). In contrast, a few 
minutes later the injection of one-tenth the amount of eserine had a greater 
effect (compare Fig. 10E with C and F with D). The comparison is best made 
with one of the later traces of Fig. 10B, D and F. For example, in the fourth 
trace there were respectively 10, 13 and 23 responses. However, in two of the 
eight Renshaw cells so investigated prostigmine was observed to have an anti- 
cholinesterase action comparable with that of eserine. 


A 


02 mg/kg 


10 msec 100 msec 


Fig. 9. As in Fig. 8, but to illustrate effect of the anticholinesterase, TEPP. 
A and B before and C and D after injection of 0-2 mg/kg of TEPP. 


One possible explanation of the relative ineffectiveness that is usually 
observed for prostigmine given by intravenous injection is that a barrier to 
its diffusion surrounds the blood vessels of the central nervous system. There 
is evidence that this diffusional barrier exists for many substances (Krogh, 
1946; Tschirgi, 1952; Manery, 1954). This possibility has been tested in a few 
preliminary experiments by directly injecting prostigmine into the neighbour- 
hood of the Renshaw cell that is under observation. The recording micro- 
electrode has also functioned as the injecting cannula. With the present 
technique any one Renshaw cell can be subjected to the action of only one 
drug, so at best it is only possible to make a very rough comparison of the 
effectiveness of different drugs. However, prostigmine would appear to be at 
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cells that have been tested. Possibly the relative ineffectiveness that is 
usually observed for intravenous injections of prostigmine is attributable to 
a barrier that obstructs diffusion out of the blood vessels in the spinal cord. 
However, further experimental investigation is desirable. 

The effect of intravenous injection of octamethyl pyrophosphoramide 
(OMPA) was tested on two Renshaw cells. In one cell, 40 min after injecting 
2 mg/kg OMPA, there was a barely noticeable increase in the response to an 
antidromic volley in motor axons. At this time a further 4 mg/kg was injected, 
and 30 min later the discharge was observed to be prolonged, but only to a 
relatively minor extent. This very small effect of OMPA, in contrast to eserine 
or TEPP, is consistent with the finding of DuBois, Doull & Coon (1950) that 
OMPA fails to inhibit cholinesterase in the central nervous system, though 
effective in other tissues. 

1 mg/kg 01 mg/kg 


prostigmine eserine 


> 


Fig. 10. Responses of a Renshaw cell recorded as in Fig. 1, and evoked by a single antidromic 
volley in L7 ventral root (A, C, E) or by a brief train of such antidromic volleys (27 at 560/sec 
in B, D, F). The sweep speed is too slow for identification of the individual spikes immediately 
after the single antidromic volley. An initial trace of the base-line is shown before all 
responses. A, B are before, and C, D 10 min after, the intravenous injectién of 1-0 mg/kg 
prostigmine bromide, when the effect was at a maximum. The small anticholinesterase action 
is indicated by slight increase in duration of both responses. A larger anticholinesterase 
effect is seen in E and F (compare with C and D) 10 min after the further intravenous injec- 

tion of 0-1 mg/kg eserine sulphate. The progressive diminution of the spike potential is 

presumably due to a small movement of the microelectrode. 
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Action of other drugs 

It has already been reported (Eccles et al. 1954) that, when given intra- 
venously in doses as low as 0-1 mg/kg, dihydro-f-erythroidine hydrobromide 
had a powerful depressant action on the repetitive discharge which a motor 
axon volley evoked from a Renshaw cell, whereas atropine sulphate was only 
slightly effective and p-tubocurarine chloride ineffective even when these drugs 
were given in much larger doses. Intravenous injection of gallamine trieth- 
iodide (Flaxedil) (1-2 mg/kg) and dimethyl-p-tubocurarine iodide (1 mg/kg) 
have now also been found to be ineffective. The only other blocking agent 


10 mg/kg Nembutal 


msec 
Fig. 11. A-C. Responses of a Renshaw cell recorded as in Fig. 7, A being before and B, C after the 
intravenous injection of 0-5 mg/kg f-erythroidine hydrochloride. D to F. As in Fig. 11 A-C, 
but for another Renshaw cell, D being before and E, F after the intravenous injection of 

10 mg/kg pentobarbitone sodium. : 


which has been effective in depressing transmission on to Renshaw cells was 
8-erythroidine hydrochloride. Fig. 11 A to C illustrates the depressant action 
produced by this substance, which is observed to act similarly to the dihydro- 
compound, though it is only about one-fifth as effective. A similar difference 
in effectiveness of the two compounds has also been observed for the depressant 
action on neuromuscular transmission (Bovet & Bovet-Nitti, 1948). 
Hexamethonium iodide and «-lobeline hydrochloride were given intra- 
arterially in doses of 100 ug, but did not have any significant effect on Renshaw 
cells. ‘ 
Strychnine chloride in an intravenous dose of 0-1 mg/kg has been observed 
to have either no effect or a slight potentiating action on the Renshaw cell 
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discharge to a ventral root volley. It seems probable that in those cases where 
a potentiation of the discharge occurred the action of strychnine was not 
directly on the transmission process on to the Renshaw cells, but rather the 
effect arose on account of a large increase in the spontaneous discharge of 
interneurones, some of which impinged upon the Renshaw cell, thus raising 
its level of excitability. The evidence that Renshaw cells can be excited by 
pathways involving interneurones and that synaptic contact on them is not 
made exclusively by motor axon collaterals has been given in a previous paper 
(Eccles et al. 1954). 

When given intravenously in doses of 10 mg or more, pentobarbitone 
sodium exerted a-depressant effect on the responses of Renshaw cells evoked 
by an antidromic volley (Fig. 11D to F). As with other depressants, the effect 
is restricted to the later stages of the response. Presumably this relatively 
slight effect is merely an example of the depressant action of this anaesthetic 
on all types of central synaptic transmission. 


DISCUSSION 

Though in general conforming with a cholinergic transmission, the synaptic 
transmitter action from motor-axon collaterals to Renshaw cells has some 
anomalous features. It has been possible, experimentally, to show that there 
is likely to be some kind of diffusional barrier which prevents prostigmine 
from acting as an anticholinesterase when it is injected into the circulation. 
Possibly the ineffectiveness of p-tubocurarine may be similarly explained. 
Furthermore, the varying effectiveness of the diffusional barrier around blood 
vessels may explain the large range of variation observed for the ratio of — 
acetylcholine to nicotine sensitivity with different Renshaw cells and even 
with the same cell at different times. The ineffectiveness of intra-arterial 
injections of succinylcholine could be similarly explained. 

Schweitzer, Stedman & Wright (1939) pointed out that quaternary 
ammonium compounds such as prostigmine, p-tubocurarine and acetylcholine 
occur only in ionic form, and hence are insoluble in lipids. On the other hand, 
the salts of tertiary bases will be partly unionized and hence soluble in lipids. 
Eserine is one such tertiary base, while other compounds with similar solubili- 
ties would be dihydro-8-erythroidine, B-erythroidine, NU 2126 and nicotine. 
It has since been shown experimentally that the quaternary ammonium com- 
pounds, prostigmine and acetylcholine, cannot penetrate the surface membrane 
of the squid giant axon, whereas the tertiary bases, eserine and trimethy]- 
amine, penetrate readily (Bullock, Nachmansohn & Rothenberg, 1946; 
Rothenberg, Sprinson & Nachmansohn, 1948). The simplest explanation of 
our experimental results would thus be that blood vessels in the spinal cord 
are surrounded by a sheath which has the properties of a lipid membrane, i.e. 
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allowing amines to diffuse through but acting as a barrier to the diffusion of 
quaternary ammonium compounds. 

There is now much evidence that a very effective diffusional barrier sur- 
rounds blood vessels of the central nervous system, which are thus dis- 
tinguished from other blood vessels (Krogh, 1946; Tschirgi, 1952; Manery, 
1954). Probably this barrier is to be identified as the pia-glial membrane 
(Patek, 1944; Woollam & Millen, 1954). Thus our explanation would ascribe 
to this diffusional barrier the special properties of being permeable to tertiary 
and lower order amines and relatively impermeable to quaternary ammonium 
compounds. The direct application of p-tubocurarine to the environment of 
a Renshaw cell would provide a crucial test of this explanation. 

There is evidence also for a diffusional barrier that is much more intimately 
related to the synaptic terminals on Renshaw cells. The long duration of the 
repetitive discharge evoked by a single volley in the motor-axon collaterals 
shows that the acetylcholine liberated by a single impulse must persist in the 
environment of a Renshaw cell for at least 50 msec under normal conditions 
and for several seconds when the cholinesterase is inactivated (cf. Figs. 8-10). 
Since the intervals between successive discharges lengthen from the first very 
brief interval (usually 0-6—0-7 msec), it may be assumed that the excitatory 
action of the liberated acetylcholine begins to decline within 1 msec of its 
onset. If the acetylcholine were diffusing freely away from its site of liberation 
with the mobility obtaining in an aqueous medium, its concentration at the 
synaptic region would fall to a negligible value in a few milliseconds even when 
cholinesterase was inactivated (cf. Fatt, 1954; Ogston, 1955). Under such 
conditions the observed decline of the transmitter action was hundreds of 
times slower (cf. Figs. 4A, 8, 9, 10); hence it seems necessary to postulate 
that some diffusional barrier exists around the synaptic regions. 

It has been invariably observed that the first few discharges have been resis- 
tant to the action of pharmacological agents, both those that block and those 
that potentiate (cf. Fig. 8G-I). This contrast between the initial and the later 
discharges indicates that the acetylcholine is initially effective by virtue of its 
high concentration close to the focus of liberation. As it is gradually dispersed 
by diffusion through the barrier, the rhythmic discharge slows, being then 
attributable to the more extensive action of a very much lower concentration. 
At this stage it is acting in a zone which is less protected by diffusional barriers 
and which consequently is more readily accessible to pharmacological agents, 
particularly the amines. Similar postulates of an initial focal action followed 
by a more diffuse action have already been proposed for cholinergic actions at 
the neuromuscular junction (Eccles, Katz & Kuffler, 1942; Eccles & Macfarlane, 
1949; Fatt & Katz, 1951; Fatt, 1954) and at the ganglionic synapse (Kccles, 
1944). This prolonged transmitter action contrasts with the action of other 
transmitters in the central nervous system, which are effective for a very few 
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milliseconds at the most, for example the excitatory and inhibitory trans- 
mitters on motoneurones (Coombs, Eccles & Fatt, 1955a, 6) and the excitatory 
transmitter for group Ia intermediate neurones (Eccles, Fatt & Landgren, 
1955). At such synapses the removal of the transmitter is as fast as would be 
expected for diffusion of a substance having a coefficient of diffusion of the 
same order as known transmitter substances, e.g. acetylcholine. 


SUMMARY 

1. The techniques of intra-arterial injection and direct micro-injection have 
been employed in the further investigation of the pharmacological properties 
of the interneurones (called Renshaw cells) that are excited ee by 
impulses in the motor-axon collaterals. 

2. When applied by intra-arterial injection, nicotine evoked a siidiieaed 
discharge of Renshaw cells even in a dose as small as 0-2 ug, the threshold dose 
never being above 2ug. Acetylcholine was less effective, often by a factor of 
hundreds. Furthermore, in contrast to nicotine, its effectiveness declined with 
successive injections. 

3. Anticholinesterases increased the effectiveness of injected acetyl¢holine, 
causing even a tenfold lowering of the threshold dose, whereas there was no 
significant change in the effectiveness of nicotine. Dihydro-f-erythroidine 
greatly depressed the sensitivity of Renshaw cells to both nicotine and 
acetylcholine. 

4. Various acetylcholine analogues were found to be ineffective when given 
by intra-arterial injection. 

5. There has been a further investigation of the relative ineffectiveness of 
prostigmine as an anticholinesterase when it is given by intravenous injection. 
In two of the eight experiments prostigmine was as effective as eserine, but in 
the others it had at most only a small action. However, when directly injected 
into the environment of a Renshaw cell, prostigmine acted as a powerful 


anticholinesterase. It is suggested that surrounding blood vessels in the. 
central nervous system there may be a diffusional barrier to prostigmine and | 


also to p-tubocurarine. Several other anticholinesterases were found to be 
effective when given intravenously. 

6. f-erythroidine was found to resemble dihydro-f-erythroidine in 
synaptic transmission to Renshaw cells, but appeared to be less effective. 
Various other depressants of cholinergic transmissions weré found to be 
ineffective. 


7. Pentobarbitone sodium had a small depressant action, which presumably 


is an example of its general anaesthetic action on central synapses. 
8. In addition to the postulated barrier around blood vessels, it is suggested 
that it is necessary also to postulate a barrier that greatly impedes the diffusion 
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of acetylcholine from the synaptic regions. This barrier may also account for 
some of the anomalous pharmacological properties of this cholinergic synapse. 


The authors wish to express grateful acknowledgement to Eli Lilly and Co. for the TEPP and 
the OMPA; to Hoffmann-La-Roche Inc. for the prostigmine bromide, the acetylcholine chloride 
and the NU 2126; to Merck and Co. for the dihydro-f-erythroidine hydrobromide, the f-ery- 
to Allen and Hanbury Ltd. for the dimethy]l- 
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ADRENALINE AND NORADRENALINE IN HUMAN PLASMA 
, DURING NATURAL SLEEP 


By G. H. RENTON anp H. WEIL-MALHERBE 
From the Runwell Hospital, Wickford, Essex 


(Received 13 June 1955) 


Little is known at present about the physiology of sleep. The proximity of 
centres which probably control sleep and wakefulness with centres of auto- 
nomic activity suggests a functional connexion. We have therefore investigated 
the effect of natural sleep on the concentration of catechol amines in plasma. 


METHODS 


Two or three blood samples were collected from each subject, the first during sleep, the second 
5-10 min. later when the subject was awake and the third on the following morning before 
breakfast. The first sample was collected as follows: a sphyg ter cuff was tied round the 
subject’s arm above the elbow when he went to bed. The cuff was rapidly inflated while he was 
asleep and, though this usually woke him, the arterial circulation of the forearm was arrested ; a 
venous blood sample was taken without delay. With one exception, of which particular mention will 
be made, the first and second blood samples were collected between the hours of 11 p.m. and 
3 a.m.; before inflating the cuff the investigator satisfied himself, by watching respiration and facial 
expression, that the subject was actually asleep at the time. 

Most subjects were voluntary patients suffering from psychoneurotic disorders, but in good phy- 
sical health, capable of rational behaviour and willing to co-operate. The purpose of the investigation 
and its experimental nature were fully explained to them. Some members of the nursing staff were 
also included in the series. Particular care was taken to have all sedative medication stopped 
during the 3 days preceding the experiment. 

Treatment of blood samples. Five 1. anticoagulant solution were mixed in a 20 ml. syringe with 
15 ml. venous blood. In most experiments the fluoride-thiosulphate solution previously described 
(Weil-Malherbe & Bone, 1952) wae hap but it was later replaced by a more nearly isotonic solution 
containing 1% (w/v) sodium ethyl inetetraacetate pH 7-0 (EDTA) and 2% (w/v) sodium 
thiosulphate. Preliminary experiments had indicated that identical results were obtained when 
consecutive blood samples were collected from the same donor in the two solutions. 

The packed-cell volume of the diluted blood was determined on a small sample by centrifugation 
in Wintrobe tubes at 2000 g for 45 min. The rest of the sample was centrifuged at 1000 g for 15 min 
and the plasma removed by suction. 

Preparation of platelet-poor plasma and of platelet suspension. Blood (15 ml.) was collected in 
silicone-coated glass-stoppered test-tubes through serum needles (18 gauge x 14 in) mounted on a 
short length (approx. 7 cm) of ‘ Portex’ elastic drainage tubing, size 10 (Portland Plastics Ltd.). The 
test-tube contained 500 units of heparin (Boots Pure Drug Co.) in 0-1 ml. solution. The sample 
was centrifuged in silicone-coated centrifuge tubes, first at about 1000 g for 15 min, and again, 
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after rejecting the red cell layer, at about 2000 g for 15 min. The supernatant platelet-poor plasma 
was decanted into 5 ml. of EDTA-thiosulphate solution, and this mixture was added to an equal 
volume of acetate buffer pH 8-4 and passed over alumina (cf. Weil-Malherbe & Bone, 1952). The 
residue from the second centrifugation, which consisted largely of platelets, was suspended in 
5 ml. EDTA-thiosulphate solution and spun for 1 min at 600 g to remove red cells. The super- 
natant was decanted, diluted to 10 or 20 ml. with normal saline solution and its turbidity deter- 
mined photoelectrically with a red filter (Ilford Spectrum 608). After the pH had been adjusted 


_ to 8-4 the mixture was passed through an alumina column. 


Estimation of adrenaline and noradrenaline. The fluorimetric method of Weil-Malherbe & Bone 
(1952, 1953) was used, Results have been expressed in terms of yg/l. whole blood. This procedure 
has been adopted to take account of any changes of packed-cell volume. 


Taste 1, Comparison of plasma adrenaline and noradrenaline, during sleep and after waking 


Adrenaline Noradrenaline 
(ug/l. blood) (ug/l. blood) 
Sample Sample 
Case Sex Age Diagnosis 1 2 3 l 2 3 
1 M. 27 Psychopath 0-97 1:23 0-44-95 4-75 
2 58 Post traumatic 1-07 142 401 ~- 3-77 
dementia 
3 M. 60 ?Neurosis — 1-40 _ 1-53 4-32 — 3-74 
4 M. 29 Inadequate 1-78 — 1-72 5-30 —— 4-18 
chopath 
5 M. 16 ive 1-58 — ‘"b4& 434 -- 5-14 
chopath 
60 urrent confusion 0-99 1-57 156 4-08 
7 F. 32 H i 0-97 1-31 —_ 430 5-40 — 
8 F. 35 Schizophrenia 1-05 1-48 130 3-77 3-70 83-76 
9 M. 38 Paranoid depression 0-76 1-25 113 486429 ©6396 
10 F, 54 Hypertension with 0-98 1-32 126 285 332 #317 
d dementia 
M. 39 Reactivedepression 0-72 100 O84 #229 306 2-68 
1s 57 Hypochondriasis 0-70 118 096 2-58 2-67 2-26 
133 MM. 65 Staff 0-78 1-01 152 415 405 415 
aes 21 Staff 0-93 1-32 124 428 484 3-82 
33 Staff 1-08 1-65 378 418 
1686S M. 48 Staff 0-89 0-85 107 471 440 4-52 
17 M. 27 
1-03 1-25 1270 4-01 3-98 3-87 


Mean % change 40-4* 27-11* 95 —29 
Sample 1 withdrawn ‘during sleep’; sample 2 withdrawn 5-10 min after waking; sample 3 
withdrawn at approximately 8 a.m. next morning. 
* Statistically significant (P < 0-05). 
RESULTS 


The results are summarized in Tables 1 and 2. The tables give the individual 
variations and their means. In addition, the data were converted to percent- 
ages, the readings in column 1 being taken as 100%. The mean percentage 
changes (calculated from the data in columns 2 and 3) were compared with 
zero by a t-test. The mean percentage changes are given in the last line of 
Tables 1 and 2, and those in which the changes are significant (P < 0-05) are 
asterisked. 

The figures presented in Table 1 show that the concentration of adrenaline 
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in plasma rises, on the average, by 40°% within a few minutes of waking; the 
mean concentration of adrenaline is 27 °% higher in the samples collected in the 
morning than in those collected during sleep. These differences are significant. 
The concentration of plasma noradrenaline, on the other hand, is increased by 
only 9-5°%, immediately after waking—a change which is not significant—and 
is practically the same the following morning as during sleep. 


TaB_E 2. Concentration of adrenaline and noradrenaline in platelets and in platelet-poor 
| plasma, during sleep and after waking 


Adrenaline Noradrenaline 
(ug/l. blood) (ug/l. blood) 


Case Sex Age Diagnosis Fraction 

1 M. 34 Schizophrenia Plasma, platelet- 0-31 0-39 0-47 1-92 1-71 1-92 
poor 

2 M. 61 Reactive Plasma, platelet- 0-34 0-38 0-39 1-40 1-70 1-78 
depression r 

3 6M. Involutional platelet- 0-38 0-43 044 2:70 2-54 3-12 
depression r 

42 Depression platelet- 0-30 0-28 0-38 2-70 2-66 2-72 

5 M. 66 Paraphrenia Foam platelet- 0-38 0-41 0-44 2-34 2-51 2-80 

Platelet residue 0-62 0-49 0-79 3-50 3-48 4-02 

6 M. 38 _ Paraphrenia Plasma, platelet- 0-48 0-59 0-74 2-52 2-96 3-20 
r 

Platelet residue 0-78 082 — 208 196 — 

7 OM. 42 Endogenous Plasma, platelet- 0-31 0-38 0-33 1-30 1-51 2-00 
poor 

Platelet residue 0-38 0-45 0-64 1-78 1-46 2-50 

8 M. 50 Paraphrenia Plasma, platelet- 0-40 0-40 0-47 0-87 0-95 1-85 
r 

Platelet residue 1-36 1-41 083 231 304 2-10 

Mean Plasma, platelet- 0-36 0-41 0-46 1-97 207 2-42 

Platelet residue 0-78 0-79 0-75 2-42 2-48 2-87 

Mean % Plasma, platelet- 12-2* 25-3* 6-62 31-6* 

change 
telet residue 15 19 18 15-4 


Samples collected from cases 5-8 were kept at 37° until analysed. Sample 1 withdrawn ‘during 
sleep’; sample 2 withdrawn 5-10 min. after waking; sample 3 withdrawn at about 8 a.m. next 
morning. 

* Statistically significant (P <0-05). 


Two observations were made on people asleep during the day. One of 
these was a male nurse on night duty (Table 1, exp. 13); samples 1 and 2 were 
collected at about 11 a.m., sample 3 at about 6 p.m. The other experiment 
is illustrated by Fig. 1. It was performed on a healthy volunteer (G.H.R.), 
who kept awake during the night and went to sleep during the forenoon of the 
following day while his electroencephalogram (EEG) was recorded. Blood 
samples were taken (1) before he went to sleep when his EEG showed normal 
alpha rhythm (top tracing of Fig. 1), (2) when his EEG record indicated light 
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sleep (middle tracing of Fig. 1), (3) when the record indicated deep sleep 
(bottom tracing of Fig. 1), and (4) when he was awake again. The plasma 
adrenaline level, represented by the black columns of the histogram, dropped 
during sleep and returned to its initial value after waking, but the fall of the 
adrenaline level was about the same in light and in deep sleep. There was also 
a slight reduction of the noradrenaline level (represented by the overall height 
of the column) during sleep. 


Fig. 1. Concentration of adrenaline and noradrenaline in plasma before, during and after 
sleep (on left) and simultaneous elect phalographic recordings (on right). 


Since it had been found that a fraction of the plasma catechol amines is 
associated with blood platelets (Weil-Malherbe & Bone, 1954), experiments 
were carried out in which the free and the platelet-bound fractions of catechol 
amines were separated. Heparin, which was used as anticoagulant, caused a 
complication, connected with the delay of 8-10 hr. between the withdrawal and 
the processing of some of the blood samples. If, as in the first four experiments 
of Table 2, the specimen tubes were placed in the refrigerator during these 
8-10 hr., a sticky precipitate formed which adhered to the walls of the tube and 
contained practically all platelets. Therefore only the fraction of free catechol 
amines could be determined. The formation of the precipitate was later avoided 
(last four experiments of Table 2) by storing the blood samples at 37°. The 
free and the bound fractions could then be determined. Almost 70% of the 
total adrenaline and about 55° of the total noradrenaline were found in the 
platelet fraction. 

The increase of adrenaline concentration immediately after waking is less 
pronounced in the platelet-free fraction than in unfractionated plasma; the 
increase in the ‘morning-after’ sample is about the same in the two series. 
These increases are significant. As with unfractionated plasma, the nor- 
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adrenaline in the platelet-free fraction did not significantly change immediately 
after waking, but there was a probably significant increase in the third sample 
which had not been found in unfractionated plasma. 

The changes observed in the platelet fraction were not significant, but the 
number of observations is too small to exclude definitely a contribution of the 
platelet-bound fraction to the changes found in unfractionated plasma. 
Measurement of the turbidity of the platelet suspensions gave no indication of 
large changes in the numbers of platelets, the results from consecutive samples 
agreeing within 20%. 

It has thus not been possible to apportion the changes observed in unfrac- 
tionated plasma between free and platelet-bound fractions. The lack of quanti- 
tative agreement between the two series of estimations may be due to the fact 
that, after fractionation, the total concentration of catechol amines is so low as 
to come close to the limit of sensitivity of the method. 


DISCUSSION 

The lowering of the plasma adrenaline level during sleep demonstrated in this 
study is probably due to a reduced rate of adrenaline discharge. According to 
Satake (1954) the rate of adrenaline secretion in dogs is reduced by about 50°, 
during sleep. Euler, Hellner-Bjérkman & Orwén (1955) have shown quite 
recently that the urinary excretion of catechol amines in man is smaller during 
the night than during the day. These facts are in harmony with the concept of 
a relative dominance of the parasympathetic during sleep (Marinesco, Sager & 
Kreindler, 1929; Hess, 1932; Hoffer, 1954) and with the well-known alerting 
effect of adrenaline and other sympathomimetic amines. It also agrees with 
other observations made in this laboratory, which suggest a general correlation 
between the level of plasma adrenaline and the degree of mental activity (for 
summary see Weil-Malherbe, 1955): thus anaesthetics and various relaxing 
agents were shown to produce a fall of the adrenaline level; the return of 
consciousness at termination of hypoglycaemic coma was found to coincide 
with a peak of the plasma adrenaline concentration; electrical stimulation of 
the brain, the injection of a convulsant drug, or photic stimulation in a sus- 
ceptible subject produced a rise of the plasma adrenaline level, even when 
convulsions were suppressed. 

It seems reasonable to assume that the level of circulating adrenaline is 
regulated, among other factors, by the autonomic centres in the hypothalamus. 
The lowering of the adrenaline concentration in blood may therefore reflect a 
reduced activity of sympathetic centres. 

In contrast to its effects after subcutaneous or intravenous injection the 
intracisternal or intraventricular injection of adrenaline has a sedative or 
hypnagogic effect (Leimdorfer, 1950; Feldberg & Sherwood, 1954). This ap- 
parent paradox suggests that different sympathetic centres are acted upon ~ 
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when adrenaline is administered with or without the interposition of the blood- 
brain barrier, and that perhaps the centres stimulated by intraventricular 
adrenaline are normally subordinate to the centres stimulated by circulating 
adrenaline. Whatever the explanation it is obvious that subcutaneous or 
intravenous administration approximates in its effects more closely to those 
of adrenaline secreted by the adrenal medulla than intracisternal or intraven- 
tricular administration. 
SUMMARY 

1, Venous blood samples were collected from human subjects, (1) during 
sleep, (2) 5-10 min. later, after waking, and (3) in the morning before break- 
fast, and the concentrations of adrenaline and noradrenaline in plasma were 
determined fluorimetrically. 

2. The mean adrenaline concentration was 40% higher in the sample with- 
drawn immediately after waking and 27%, higher in the sample withdrawn 
before breakfast than in the sample withdrawn during sleep. There were no 
significant changes of noradrenaline concentration. 

3. In two subjects asleep during the day concentration changes occurred 
similar to those observed during the night. 

4. The catechol amines of plasma were separated into free and platelet- 
bound fractions. While there were no significant changes in the platelet-bound 
fractions, the changes in the free fractions were qualitatively similar to the 
changes observed in unfractionated plasma. 

We are indebted to Dr D. W. Liddell for encephalography, and to Mr A. D. Bone and Mrs N. 


Stephens for technical assistance. The work has been aided by a grant for technical assistance from 
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ANTIDROMIC VASODILATATION IN THE ISOLATED 
PERFUSED EAR OF THE RABBIT 


By PAMELA HOLTON* 
From the Physiological Laboratory, University of Cambridge 
(Recewwed 14 June 1955) 


It is common experience that vasodilatation is more difficult to obtain in 
organs perfused with salt solutions than in the intact animal. In the rabbit’s 
ear perfused with Locke’s solution, for example, histamine does not 
regularly cause vasodilatation (Burn & Dutta, 1948), and acetylcholine is 
effective only in much larger doses than are needed when the normal circula- 
tion is intact. Antidromic vasodilatation in the hindlimbs of the perfused 
frog was observed by Kibjakow (1931), but very long and strong stimulation 
was needed and the response was not obtained more than twice in each 
preparation. Similar results were occasionally obtained with the rabbit’s ear 
perfused with Locke’s solution (P. Holton, unpublished). The elusiveness of 
antidromic vasodilatation in these perfused preparations contrasts with the 
ease with which it occurs repeatedly in response to a single volley both in the 
intact frog (Doi, 1920) and in the intact rabbit’s ear (Holton & Perry, 1951). 

It was shown by Burn & Dale (1926) that perfusion with defibrinated 
homologous blood, containing adrenaline, maintained mammalian limbs in 
good condition; but this method necessitates economy with the perfusion 
fluid which is not always desirable. More recently three perfusion media, 
heparinized horse blood, ox haemoglobin solution and dextran—-erythrocyte 
mixtures, have been used with good results. Daly, Eggleton, Hebb, Linzell & 
Trowell (1954) found that heparinized horse blood preserved good vascular 
tone in the dog, and that vasodilator effects could be obtained for several hours. 
A solution of ox haemoglobin of suitable protein osmotic pressure, but with a 
lower oxygen capacity than blood, was used for rat’s liver perfusions by D’Silva 
& Neil (1954). Although they did not investigate vascular responses, they 
found that the liver remained in good condition for 1} hr, but that petechial 
haemorrhages appeared after that. Vasodilator responses in the limbs of rats 
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and rabbits perfused with human or sheep erythrocytes in a dextran solution 
were obtained by Gallagher (1954). The responses were obtained during the 
first 3hr of perfusion but, in these experiments, intact innervation was 
necessary to provide sufficient vascular tone. 

In the work reported here these three perfusion media have been used in the 
study of antidromic vasodilatation in the isolated rabbit’s ear, and it was 
often possible to observe dilator responses to a single volley comparable with 
those seen in the intact ear. 


METHODS 


Preparation of the rabbit's ear. Rabbits weighing from 1-0 to 3-5 kg were used. The hair was 
removed from the ear either with scissors (albinos only) or with a barium sulphide paste which was 
used at least 24 hr before the experiment. When this was done, the ears even of coloured rabbits 
were sufficiently translucent to be used with a photocell. Better results were obtained if there was 
a good blood flow through the ear during the dissection and this was achieved by keeping the 
animal warm and not too deeply anaesthetized. Urethane (1-25 g/kg) or pentobarbital sodium 
(Nembutal 30 mg/kg) was injected intraperitoneally followed by ether, if necessary, before cutting 
the skin and the auricular nerves. 

In a few early experiments the dissection of Gaddum & Kwiatkowski (1939) was used since it 
avoids handling the ear vessels. But in most experiments Bissemski’s (1912) technique (described 
by Rischbieter, 1913) was adopted, with the following precautions to keep the vessels in good 
condition : (1) slightly more distal cannulation to prevent possible short-circuiting through anasto- 
moses at the base of the ear, and (2) maintenance of a high blood pressure so that the blood supply 
was cut off only about a second before perfusion was started. 

First a skin incision around the base of the ear was made and the great auricular nerve was dis- 
sected and sectioned. The lesser auricular nerve was sectioned and the two veins at the base of the 
ear were cleaned distal to the point where they unite. Then the central artery was cannulated with 
a polythene cannula (<1 cm long) attached by a length of polythene tubing to a syringe. If the 
blood pressure was high there remained a good blood flow through the ear during the rest of the 
dissection which was carried out as quickly as possible. Small amounts of saline (Locke’s solution 
or Mg-free Tyrode’s solution) were injected into the artery at intervals to keep blood out of the 
arterial cannula, The base of the ear was severed from the body and bleeding was controlled with a 
cautery. The veins were tied, slits were cut in them for cannulation and the vessels were washed 
through with a few ml. of saline. The polythene tube was then removed from the arterial cannula 
which was connected to the perfusion apparatus filled with warm oxygenated fluid. Care was 
taken that the veins were not occluded and perfusion was started at once. An outflow of 8 drops/ 
min (0-3 nal.) or more was obtained by adjusting the perfusion pressure usually to 80-100 mm Hg. 
The veins were cannulated with polythene cannulae and the outflows were united and passed 
through a drop-timer. The great auricular nerve was usually arranged on platinum electrodes. In 
a few experiments a fluid electrode, as designed by Porter & Allamon (1936), was used in conjunc- 
tion with an indifferent electrode applied to the wet skin. Stimulation was by square waves of 
duration 1-15 msec and strength 20-40 V adjusted to give a maximum response. 

The perfusion apparatus. It was desirable that the perfusion fluid was delivered to the artery 
warm, well-oxygenated and well-mixed to avoid sedimentation of the corpuscles. Since the flow 
was rather slow (0-3-2 ml./min) the conventional techniques had to be modified to achieve these 
conditions. The apparatus finally adopted is shown diagrammatically in Fig. 1. The fluid in the 
reservoir R was mixed and oxygenated by a good flow of wet gas (95% O,+5% CO, bubbled 
through Locke’s solution) through the bent capillary tube and polythene chimney. Glass wool was 
tied round the gas exit to disperse the froth and the bubbles of gas emerged through a water trap 


which indicated the rate of flow. 
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_ In some experiments the gas then passed through a mercury trap which was used to provide a 
head of pressure as described by Burn & Dale (1926). This arrangement, which is not illustrated, 
had the advantages of requiring no valves and of reducing the dead space to negligible proportions. 
A pulse was provided by attaching a Dale-Schuster pump to the gas supply since a pulsatile flow 
seemed to be necessary. When suitable valves had been constructed it was more convenient to use 
them in conjunction with a Dale-Schuster pump, as shown in Fig. 1, and the mercury trap was 
abandoned. 


and CO, 


| 


1cm 


Fig. 1. Diagram of the perfusion apparatus. The perfusion fluid is put into the reservoir RF through 
the tube D after disconnecting C. Wet O, and CO, is bubbled through it by the glass capillary 
and chimney. Glass wool (not shown) around the top half of the reservoir disperses the froth. 
The gas passes out through a water trap and, in some experiments, a mercury trap (not shown) 
which may be used to control the head of pressure. The perfusion fluid leaves by a polythene 
tube with a side branch H (dead space 0-1 ml.) attached to a hypodermic needle for injections. 
Polythene valves (V) are used to direct the flow through a polythene pump chamber (/) 
attached to the Dale-Schuster pump. The short arterial cannula is fitted on to the tapered end 
of the tube A which contains tubes B and C which supply the manometer and the arterial 
leak back to D respectively. Polythene tube F fits into a hole in the side of the water bath 


and fits closely round A a few mm from the tip. The water in F is kept stirred by a pulse from 
the Dale-Schuster pump. 


It was important to keep the volume between reservoir and artery cannula small in order to 
avoid sedimentation and loss of oxygen and carbon dioxide. The pump chamber, P and valves, V’, 
were made from polythene as described by Clarke (1955). The connecting tubes and cannulae were 
also polythene, and the total volume was 2-0 ml. The arterial cannula fitted on to the tapered tube 
A which contained two branches, B supplying a manometer and C an arterial leak. The leak was 
found to be necessary to increase the flow of perfusion fluid through the apparatus. With a 
perfusion pressure of 100 mm Hg, the flow through the leak was 0-8 ml./min, so that even if there 
was no flow through the ear, the perfusion fluid remained in the pump for only 2-5 min. C was 
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usually connected to the reservoir by tube D but was momentarily disconnected after an injection 
or when replenishing the reservoir through D. B was connected by polythene tubing to a mercury 
manometer made from thick-walled capillary tubing. Arterial injections were made by injecting 
(0-2 ml. through tube Z and withdrawing 0-5 ml. perfusion fluid to wash out the dead space which 
was approximately 0-1 ml. This technique eliminated pressure changes due to injection of saline, 
but had the disadvantage that an unknown but small proportion of the injected substance stayed 
in the valves and pump chamber and was gradually washed out from them. 

The apparatus was kept in a water-bath at 37° C from which the polythene tube F emerged, 
fitting tightly around the extreme end of A. The water in F was stirred by a pulse from the Dale- 
Schuster pump. The use of this water jacket enabled the perfusion fluid to be kept warm without 
bringing the apparatus inconveniently close to the rabbit's ear. 

Perfusion fluids. (1) Haemoglobin solution. Horse haemoglobin solution was prepared by the 
method of Keilin & Hartree (1935) and stored at + 1° C after dialysis against tap water. The haemo- 
globin concentration was measured with a spectrophotometer and the calcium concentration was 
assumed to be the same as that of tap water. One batch of haemoglobin was dialysed against dis- 
tilled water, but this caused crystallization which was a nuisance and the haemoglobin appeared to 
be no better than the other batches. For perfusion the haemoglobin solution was diluted to give an 
oxygen-carrying capacity of 7-8 ml./100 ml. and a protein osmotic pressure similar to plasma as 
recommended by D’Silva & Neil (1954). Inorganic salts were added to give a final concentration 
as in Krebs’s or Locke’s solution, glucose was added to give a concentration of 0-1 % or 02%. 

(2) Heparinized horse blood was used as described by Daly et al. (1954). The blood was collected 
into a siliconed bottle containing a heparin-glucose solution to give a final concentration of 15 units 
heparin/ml. and 2 mg glucose/ml. The buffy coat was removed after centrifuging or after standing 
overnight at 4° C. 

(3) Red corpuscles and dextran. The red corpuscles were obtained from fresh ox or horse blood 
(citrated, defibrinated or heparinized) or from citrated human blood discarded because of its age 
(about 3 weeks) by the Regional Blood Transfusion Centre. After centrifuging at high speed to 
remove the plasma and buffy coat, the cells were washed three times with ice-cold saline. Thirty- 
five ml. packed cells were then mixed with 65 ml. of a 6% dextran solution (Intradex Glaxo) of the 
ionic composition of Locke’s solution or Mg-free Tyrode's solution and containing 2 mg glucose/ml. 
In some experiments equal volumes of packed cells and dextran solution were used but there was 
no advantage in this. 

All the perfusion fluids were aerated with a 95% 0,-5% CO, mixture at 37° C and adrenaline 
was usually added. Different concentrations of adrenaline from 10-* to 10~* were used in different 
experiments, but the concentration finally adopted was 5 x 10-*. The heparinized horse blood and 
the corpuscle-dextran mixtures sedimented rapidly and had to be mixed well before use. 

Measurement of vasodilatation. The photocell method was used. The ear was arranged above the 
photocell and a light shone through it from above. An infra-red absorbing filter (Chance Bros. Ltd. 
ON 20) prevented heating, and occasionally a Perspex water chamber was also interposed be- 
tween the light and the ear. By these means the air temperature near the ear was kept at about 
25° C. The rest of the apparatus was as described previously (Holton & Perry, 1951). 

In some experiments the perfusion pressure and venous outflow were also recorded. These records 
have only a qualitative significance since there was a deliberate leak in the artery cannula, the poly- 
thene tubing had considerable resistance and the bore of the capillary tubing from which the mano- 
meter was made was comparable with the area of cross-section of the ear vessels. 


RESULTS 
With a suitable perfusion fluid the rabbit’s ear remained in good condition for 
several hours as assessed by the absence of visible oedema or haemorrhage and 
by deoxygenation of the haemoglobin. The perfusion rate varied in different 


experiments from 0-3 to 2 ml./min and in any one experitucssw wee 
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the perfusion pressure, the temperature of the perfusion fluid and the con- 
centration of adrenaline. The ear vessels were very sensitive to small changes 
in temperature, oxygenation and pH, and it was difficult to get a steady base- 
line of blood thickness as indicated by the photocell. It must be recalled, 
however, that even in the intact ear with its natural circulation there are 
sometimes great fluctuations of blood thickness. In early experiments great 
variations in flow were observed because the perfusion fluid had time to cool 
before it entered the artery. This difficulty was overcome by the introduction 
of the water jacket described above. 

A predicament which commonly developed after about an hour, especially 
with a dextran perfusion fluid, consisted in constriction of the main artery 
resulting in a slow outflow accompanied by dilatation of the smaller blood 
vessels causing an increase in blood thickness. In this condition no capillary 
dilator responses could be elicited. It was sometimes relieved by draining the 
stagnant perfusion fluid in the pump dead space and momentarily increasing 
the perfusion pressure to force fresh fluid through the vessels. In later experi- 
ments this trouble was postponed by the introduction of the arterial leak, 
shown in Fig. 1, which kept the perfusion fluid circulating more rapidly 
through the pump. This condition of arterial cofistriction Accompanied by 
capillary dilatation, which resembled the response to injected histamine, was 
often observed also when the perfusion fluid was not fully oxygenated or when 
the temperature fell or after short periods of arterial occlusion. It also occurred 
from unknown causes after a long period of perfusion. When the ear was in this 
state, injection of dilator drugs or stimulation of the great auricular nerve 
sometimes caused a slight fall in perfusion pressure accompanied by a momen- 
tary increase in outflow, but the blood thickness was unchanged. Since the 
characteristic change in antidromic vasodilatation is an increase in blood 
thickness (Hilton & Holton, 1954) such preparations were discarded. 

Another difficulty met with in these experiments was the development of 
petechial haemorrhages accompanied by the disappearance of vasodilator 
responses. This seemed to occur particularly after brief periods of partial or 
complete venous occlusion and it was avoided by cannulating two veins for 
the outflow as described in methods. 


Vasodilator responses 

The object of these experiments was to obtain antidromic vasodilatation in 
a perfused preparation comparable with that observed in the intact rabbit's 
ear. The criterion of a successful perfusion was that antidromic stimulation 
of the great auricular nerve with a small number of volleys should produce a 
capillary dilator response as recorded by the photocell method. Although this 
nerve contains sympathetic fibres as well as dorsal root fibres, previous sympa- 
thetic ganglionectomy was not performed since there is little or no constrictor 
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response to a brief stimulation. The presence of sympathetic fibres also provided - 
a useful control that the nerve was capable of conducting impulses, since vaso- 
constriction could sometimes be obtained with a tetanic stimulation when 
antidromic vasodilatation had failed. 


A B 


Fig. 2. Antidromic vasodilatation recorded by the photocell method in the 
rabbit’s ear perfused with human-erythrocytes—dextran-Locke mixture, 
perfusion pressure 110 mm Hg, venous outflow 0-7 ml./min. The responses 
were to one (A) and two volleys (B) in the great auricular nerve, and were 
recorded after 5 hr perfusion. 


In a majority of the experiments vasodilator responses to a stimulation of 
the great auricular nerve by a small number of volleys were observed. The 
responses could usually be obtained for 2-3 hr from the beginning of the 
perfusion, and occasionally after 4—6 hr. The antidromic vasodilatation was 
indistinguishable from the effect in the intact ear and increased in extent and 
duration when the number of volleys was increased. This is illustrated in Fig. 2, 
which shows responses to one and two volleys obtained after 5 hr perfusion 
with a human-corpuscles—dextran-Locke mixture. 

During the course of an experiment, the responses remained fairly constant 
provided the base-line was constant and the nerve remained in good condition. 
The easiest way of preserving the nerve was to use a unipolar electrode of the 
design introduced by Porter & Allamon (1936). In these conditions, results 
such as that shown in Fig. 3 could be obtained. This figure comprises all the 
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Fig. 3. Antidromic vasodilatation in the rabbit’s ear perfused with horse-erythrocytes-dextran- 
Locke mixture; perfusion pressure 90-100 mm Hg, venous outflow 0-5 ml./min. The record 
shows all the responses to five volleys in this experiment. After A the stimulus strength was 
increased and then kept constant. At the beginning of the experiment the base-line drifted 
upwards (slow dilatation) and was adjusted after A, B, C and D. Tetanic stimulation resulting 
in prolonged dilatation (not shown) was given both between D and E, and between F and G. 
H was obtained after a period of rest. The times indicated at each response were measured in 
min from the beginning of the perfusion. Time signal at minute intervals. 
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responses to five volleys during 24 hr of perfusion with horse-corpuscles- 
dextran-Locke mixture, At the beginning of the experiment slow spontaneous 
vasodilatation occurred and the base-line was readjusted after A, B, C and D. 
It can be seen that the response at A was not maximal since increasing the 


stimulation from 20 to 30 V increased the response. Thereafter the stimulus _ 


was kept at 30 V and the responses B, C, D and H are approximately the same 
size. Tetanic stimulation resulting in large and prolonged vasodilatation (not 
illustrated) was given both between D and E, and between F and G. The 
responses E, F and G which were obtained during and immediately after 


Fig. 4. The effect of increasing the perfusion pressure and venous outflow on the response to one 
volley. The rabbit’s ear was perfused with an ox-erythrocyte—-dextran-Mg-free-Tyrode 
medium containing 5 x 10-* adrenaline. From above downwards: perfusion pressure (scale in 

_ mm Hg), venous outflow measured with a Gaddum drop-timer (scale in drops/min) and photo- 
cellrecord. Between A and B the perfusion pressure was raised by increasing the stroke volume 
of the Dale-Schuster pump. 


these prolonged dilatations, were smaller than the original: but after 30 min rest 
the response was restored (H). This fatigue after a tetanic stimulation has 
also been observed in intact ears. 

With the apparatus used in these experiments it was not possible to alter 
flow and pressure independently, but when both were increased the duration 
of antidromic vasodilatation was decreased. This is illustrated in Fig. 4 which 
shows responses to single volleys in an ear perfused with ox-corpuscles—dextran- 
Tyrode mixture. Between A and B the stroke volume of the pump was in- 


wl “4 
4 a 4 
5 16 
j 
. 
< 
3 
A 
a | 
Min 
b 


ANTIDROMIC VASODILATATION IN PERFUSED EAR 183 


creased causing @ 15 mm rise in pressure and doubling the venous outflow. 
The speed of the ordinate writer (Gaddum drop-timer) was changed at the 
beginning of B. It can be seen that the antidromic vasodilatation was of 
shorter duration with the higher perfusion rate (B). Further, in this condition 
the dilatation was associated with a slight increase in venous outflow which 
was absent at A. This confirms on the same preparation the finding of Hilton & 
Holton (1954) that, in different intact ears, antidromic vasodilatation is only 
accompanied by an increase in outflow when the basal flow is not too low. 

On a few occasions injections of small amounts of acetylcholine (1 and 10g), 
ATP (1 and 10ug), bradykinin (100yg) and substance P (10ug) were given. 
Vasodilatation was observed with all these substances as long as the ear vessels 
were in a state to respond to nerve stimulation, but not when antidromic 
vasodilatation failed. In this latter condition, however, a large dose of acety]- 
choline (50-100yug) was sometimes still able to cause vasodilatation. 

In about a third of the experiments no antidromic vasodilatation was ob- 
served. In many of these experiments its absence could be attributed to some 
obvious flaw such as the occurrence of oedema or anoxia, a change in pH of the 
perfusion fluid or maltreatment of the ear by a prolonged dissection or the 
introduction of small bubbles of air. Further, antidromic vasodilatation was 
not obtained when the perfusion pressure was controlled by a mercury trap 
without a pulse. This suggested that a pulsatile flow was necessary. But switch- 
ing off the pulse for 30 min once the perfusion was established did not affect 
the response, so it is not clear what part the pulse plays in these experiments. 

In a few experiments none of these factors could be implicated in the failure 
to obtain antidromic vasodilatation.. In the artificial conditions of perfusion, 
however, it would not be surprising if pharmacologically active substances 
were released from the rabbit’s tissues or the perfusion fluid. Histamine is 
readily liberated from the rabbit’s ear (Schachter, 1953) and since dextran is 
known to release histamine from other tissues—e.g. rabbit’s blood (Haining, 
1955)—it is possible that perfusion of the ear with a fluid containing dextran 
might cause histamine liberation. Also, the occurrence of slight haemolysis in 
the perfusion fluid would be associated with the liberation from the erythro- 
cytes of a potent vasodilator substance, which is probably ATP (Folkow, 1953). 
Both histamine and ATP would cause a loss of tone in precisely those vessels, 
the capillaries, which take part in antidromic vasodilatation. 

The effect of different perfusion fluids. When haemoglobin solution was used 
as the perfusion fluid oedema developed sooner or later. Although different 
batches of haemoglobin seemed to vary in their ability to cause oedema the 
reason for this was not discovered and the medium was considered too uncertain 
to be useful. 

More reproducible results were obtained with heparinized horse blood or 
washed red corpuscles (horse, ox or human) in dextran-Locke (or Mg-free 
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Tyrode) containing adrenaline. Citrated horse and human blood were each 
used in one experiment, but they caused great fluctuations of vessel tone. 
Defibrinated blood was not used since it was likely to contain larger amounts 
of 5-hydroxytryptamine. 

It was of interest that antidromic vasodilatation could be obtained repeatedly 
in the absence of plasma since Hilton & Lewis (1955) have suggested that such 
vasodilator effects may be due to the local production of a bradykinin-like 
substance from plasma proteins. When the ear was perfused with dextran and 
erythrocytes, antidromic vasodilatation could be obtained for several hours 
as easily as when heparinized blood was used for the perfusion. This is illus- 
trated by Figs. 2~4, which were all obtained with a dextran-corpuscle perfusion 
fluid. Fig. 3 also shows that after exhaustion of the vasodilator response, 
complete recovery can occur in the absenceof plasma. When antidromic 
vasodilatation failed, which usually occurred quite suddenly after 2—5 hr, it 
was not restored by addition of plasma to the perfusion fluid. At this stage 
other capillary vasodilator responses were also absent. It seems, therefore, 
that plasma is unnecessary for antidromic vasodilatation, but it is possible 
that proteins derived from interstitial fluid or from slight progressive haemo- 
lysis occurring during the experiment may have participated in the vasodilator 
responses. 

SUMMARY 

1, Perfusion with heparinized horse blood or washed red corpuscles in a 
dextran solution with adrenaline kept the vessels of the isolated rabbit’s ear in 
good condition for several hours. Haemoglobin solution caused oedema. 

2. The ear vessels seemed to be sensitive to anoxia, cooling, alteration of 
the perfusion fluid or clumsy handling, and precautions were adopted to pre- 
vent these occurring. 

3. Antidromic vasodilatation in the perfused rabbit’s ear in response to a 
small number of volleys in the great auricular nerve was observed repeatedly, 
provided the vessels were in a suitable condition. The responses were equally 
good whether heparinized blood or the corpuscle-dextran solution were used 
for perfusion. 


T am most grateful to Dr E. W. Clarke for his help in designing the perfusion apparatus, to Dr 
C. O. Hebb of the A.R.C. Institute of Animal Physiology for lending a Dale-Schuster pump and to 
the following who kindly supplied materials: Dr W. Feldberg (substance P), Dr H. O. Schild 
(bradykinin), Dr G. Hall of the A.R.C. Institate of Animal Physiology (ox blood), Department of 
Animal Pathology, University of Cambridge (horse blood), the Regional Blood Transfusion Centre 
(human blood) and Messrs Glaxo (samples of Intradex). 
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PACEMAKER POTENTIALS. THE EXCITATION OF ISOLATED 
RABBIT AURICLES BY ACETYLCHOLINE AT 
LOW TEMPERATURES 


By JEAN M. MARSHALL* anv E. M. VAUGHAN WILLIAMS 
From the Department of Pharmacology, University of Oxford 


(Received 24 June 1955) 


In the course of a recent investigation (Vaughan Williams, 1955) in which, 
inter alia, a few measurements were made of the Q,, of conduction velocity in 
isolated rabbit auricles, some of the auricles stopped beating at the lower end 
of the temperature range being studied. It was noticed on two occasions that 
although all mechanical activity had apparently ceased, small regularly 
occurring potentials continued in the region of the pacemaker. This pheno- 
menon has now been studied in more detail. The effects of temperature changes 
on the behaviour of various preparations of isolated cardiac muscle have been 
examined before (Knowlton & Starling, 1912; Clark, 1920; Burgen & Terroux, 
1953a; Trautwein & Gottstein, 1953; Trautwein, Gottstein & Federschmidt, 
1953; Coraboeuf & Weidmann, 1954). The use of cooling in the present experi- 
ment is, therefore, not of particular interest, except as a means of separating 
the activity of the pacemaker region from that of the rest of the auricle. It 
has been possible to show that the link thus broken can be re-established by 
acetylcholine. An ‘excitatory’ action of acetylcholine has previously been 
demonstrated by several authors (Spadolini & Domini, 1940; Biilbring & 
Burn, 1949; Spadolini & Giachetti, 1953; Holtz & Westermann, 1955). 


METHODS 


Rabbit auricles were dissected and mounted in a Perspex chamber (Vaughan Williams, 1955). 
For the cooling experiments any desired temperature below room temperature could be maintained 
by a device, controlled by a thermostat, which at intervals directed the water circulating in the 
water-jackets through a heat-exchanger standing in iced water. The combination of this with the 
thermostatically controlled heater already described permitted the temperature to be held 
constant at any value between 10 and 35° C. 

The solutions which flowed continuously through the auricle chamber were 308 milliosmolar; 
Nat, 139-7; K+, 5-63; Ca**+, 2-165; glucose, 11-12; Cl- and HCO; together, 149-66, The bicarbonate 

* U.S. Public Health Service Research Fellow of the National Heart Institute. Present address: 
Department of Physiology, The Johns Hopkins School of Medicine, Baltimore, Maryland, U.S.A. 
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concentration was adjusted to give a pH of 7-4 with the gas mixture used, which was usually 
2% CO,, 98% O;. 

Electrical records from the surface of the auricle were taken with two bipolar electrodes leading 
to two independent preamplifiers, whose outputs were displayed on the two beams of a Dumont 322 
oscilloscope. Contractions were recorded almost isotonically, since the auricle pulled a long lever 
attached to an RCA 5734 transducer, whose output was displayed on another oscilloscope. Traces 
from both oscilloscopes were photographed simultaneously on the same film (Grass camera, model 
( 4C), together with a record of the time. The maximum sensitivity of the tension recorder in most 
experiments was 20 mg for a 2:5 cm deflexion of the oscilloscope beam. 

The acetylcholine chloride solutions were made up immediately before use from ampoules 
(Roche). 


RESULTS 


Auricles were set up in the recording chamber, and one electrode was placed 
in position to record an action potential from the left auricle. The right auricle 
was then explored with the second electrode until the interval in time between 
the two action potentials was maximal; the second electrode was then on or 
near the pacemaker. The auricle was allowed to beat at 30° C without dis- 
turbance for 90 min, since previous experience had shown that at the end of 
this time auricular activity reached a plateau of maximum stability in the rate 
and force of the beat, and in conduction velocity. 


TaBLe 1. A summary of the measurements of rate and conduction velocity and 
their corresponding values for Q,, at 30, 25 and 20° C 
No. of 8.D. 8.E. No.of 


Range of obser- about of Mean of Q@,. observa-about of 
°C Mean values vations mean mean °C QQ, values vations mean mean 


A. Rate (beats/min) 
30 90 140-60 25 16 433 30-25 28 39-16 19 049 40-11 


. 6 61 80-45 19 ll +25 25-20 25 50-18 18 10 +024 


B. Conduction velocity (m/sec) 


30 0-643 1-42-0323 24 0-247 +0050 30-35 2-7 3-7-1838 19 ‘0-530 +0-120 
25 0-441 100-0190 19 0-200 40-046 256-20 38 6023 15 1-280 +0330 
20 0-238 0-600-0-074 15 0131 +0034 —- — 


Effects of cooling. After-the initial control period at 30° C, the auricle was 
slowly cooled down until it stopped. The recorded amplitude of contraction 
at first increased as the speed of its development became slower, but decreased 
when the temperature fell below 22° C. The rate of the beat and the conduction 
velocity both steadily diminished. The mean values for rate and conduction 
velocity over the temperature range 20-30° C, together with figures for Qo, 
are given in Table 1. Below 20° the activity of most of the auricles became less 
regular, so that measurements of rate and conduction velocity varied more 
widely. As cooling continued, the end-point for the cessation of all measure- 
able electrical and mechanical activity was quite sharp, and was characteristic 
for each auricle. All auricles stopped at some temperature between 20 and 
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14° 0. When an auricle was cooled a second or a third time it was usually 
found that activity persisted to a temperature at least half a degree lower than 
that at which it had ceased on the previous occasion. This phenomenon is 
illustrated in Fig. 1. 


%2r ® Activity restarted 
X 
v 
v 
x 
* A 
Activity ceased 
16 x 
x 
14 L 
First Second Third 


Fig. 1. Effect of repeated cooling and rewarming. Top: temperatures at which activity restarted 
in three auricles when each was warmed on three successive occasions from a temperature 
at which all activity had ceased. Bottom: temperature at which all activity ceased on re- 


Pacemaker potentials. As the temperature was lowered, the action potential 
diminished and disappeared from the left auricle, while contractions in the 
right auricle persisted. The wave of activation travelled less and less far from 
the region of the pacemaker, until finally no further tension could be measured. 
At this time, however, potentials could still be recorded from the region of the 
pacemaker. Very small, regularly occurring potentials persisted to a tempera- 
ture two or three degrees below that at which contractions ceased to be 
measurable. On further cooling these small potentials, too, disappeared. 

The actual range of temperatures over which these pacemaker potentials 
only were seen, varied from one auricle to the next. Fig. 2 shows simultaneous 
electrical and mechanical records from three different auricles cooled to 
temperatures at which only pacemaker potentials remained. No mechanical! 
activity could be recorded at these temperatures, although the sensitivity of 
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the mechanical recording system was 8 mg/cm on the oscilloscope screen and 
in some experiments this was further increased to 2-2 mg/cm. 

If the auricles were cooled further all activity ceased, but, on rewarming, 
the pacemaker potentials reappeared first and were confined to a very small 
area in the right auricle. As the temperature was gradually raised a sharp and 
definite threshold was reached at which faster potentials made their appearance 
(Fig. 3), “taking off’, as it were, from the pacemaker potential, and associated 
with the reappearance of measurable contractions. Once the threshold 
temperature had been reached, the faster action potentials associated with 
tension spread progressively outwards from the pacemaker region, although 
the temperature was not raised further, until after a few beats the auricle 
once more began to contract as a whole. 


50 uv 


200°C 
Fig. 2. Pacemaker potentials from three auricles. RA, record from electrode placed on 
the pacemaker. LA, record from left auricle. T, tension. 


4 


The fact that no tension associated with the pacemaker potentials could be 
measured, even with such a sensitive recorder, does not prove that no move- 
ment was present. Some small contractions beyond the reach of our instru- 
ments may have persisted in the pacemaker region. The point of interest is 
that activity continued in this region at temperatures several degrees below 
that at which it had ceased in the rest of the auricle. When the threshold 
temperature for the latter was reached, a fast type of action potential made 
its appearance, which was conducted outwards, and tension was always 


- immediately and easily recorded. 


Location of the pacemaker. Potentials in the absence of measurable con- 
tractions were seen on cooling in nineteen out of twenty-five experiments. 
In seventeen of these nineteen experiments the potentials were found in 
exactly the region which had already been selected as the point of origin of the 
normal beat at 30° C before cooling, and were immediately lost if the electrode 
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was moved a few millimetres away. It is for this reason that these small and 
regularly occurring potentials have been called “pacemaker potentials’. 

In the eighteenth experiment the pacemaker potentials after cooling were 
found about 3mm from the position estimated as that of the original pace- 
maker. In the nineteenth experiment (an early one), small potentials, not 
associated with measurable tension, were found in both right and left auricles, 
occurring at different frequencies. When the tissue was warmed, both auricles 


A. 170°C 8. 210°C 


C. 210°C D 160°C 


Fig. 3. Effect of cooling, warming and cooling. A, at 17° C, pacemaker potentials only ; no tension 
could be measured. B, auricle warmed, pacemaker potentials persisted until the threshold 
for firing neighbouring tissue was reached at 21° C. C, temperature still at 21° C; conduction 
had spread outwards, so that both right and left auricles are contracting. D, auricle cooled 
again; pacemaker potentials persist at 16°C. Retouched. 


followed the pacemaker in the right auricle. Such independent potentials 
from the left auricle were not seen in any subsequent experiment, and for this 
reason we are inclined to the view that they may have originated from an 
ectopic focus or damaged area, rather than that there was a second ‘pace- 
maker’ in the left auricle. 

Experiments in which no pacemaker potentials were observed. In the remaining 
six of the twenty-five experiments, all electrical and mechanical activity 
ceased abruptly when the auricle was cooled. No pacemaker potentials could 
be found, although both left and right auricles were explored. These experi- 
ments are described more fully in the section which follows. 
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Effects of acetylcholine. In fifteen experiments, when the auricle had been 
cooled to @ temperature at which only pacemaker potentials were seen, acety!- 
choline was introduced either as a single amount added directly to the recording 
chamber, or as @ constant concentration in the fluid flowing through the bath. 
In all these experiments there was a latent period of 1 or 2 min in the presence 
of acetylcholine, during which no consistent change in the behaviour of the 
auricle was observed. Then, in every experiment, large, fast, propagated action 
potentials suddenly took off from the pacemaker potentials (Fig. 4B) and 
large contractions were simultaneously recorded. These continued for some 
time after the acetylcholine had been washed out of the bath, but after a few 
minutes the auricle again stopped beating and only the pacemaker potentials 
remained. 

Concentrations of acetylcholine between 10-* and 10-* g/ml. proved to be the 
most effective. This response to acetylcholine was abolished by adding atropine 
(10-? g/ml.) to the bath at the height of the ACh effect (Fig. 4D-F). Alter- 
natively, if the tissue was bathed in a solution containing atropine before the 


m¢ 


B. 150°C, 10°’ g/ml. ACh C. 150°C, 107% g/ml. ACh 


mg 
D. 150°C, ACh 10S g/ml. Atr. F. 150°C, g/mi. Arr. 


Fig. 4. Effect of acetylcholine and atropine. A, pacemaker potentials only. B, 2 min after the 
addition of acetylcholine, 10-’ g/ml. C, 1 min later. D, 7 min later. E, 5 min after the 
addition of atropine, 10-* g/ml. F, 10 min later. Temperature 15° C throughout; retouched. 


acetylcholine was added, the latter was unable to restart the auricles at the low 
temperature. Atropine itself had no effect on the pacemaker potentials. 
Concentrations of acetylcholine lower than 10-* g/ml. had no effect on the 
spontaneously beating auricles at 30° C. 

As stated above, in six experiments both electrical and mechanical activity 
stopped simultaneously, and no pacemaker potentials could be found. The 
evidence so far had suggested that in the region of the pacemaker there was 
some specialized tissue capable of producing regular non-propagated potentials 
associated with negligible tension, whereas the rest of the auricle responded to 
these with propagated potentials and easily measured contractions. The link 


and 
rere | 
j 
not 
les, 

les 
sion | 

hold 
tion 

ials 
his 

an 
ce- 

| 
rity 

uld 
- 


192 JEAN M. MARSHALL AND E. M. VAUGHAN WILLIAMS 


between these two distinguishable processes was broken by cooling. If, as 
usually happened on cooling, the second process failed first, the activity of the 
pacemaker region alone persisted, and the pacemaker potentials were revealed. 
If, on the other hand, the pacemaker failed first, no activity at all could be 
detected, because there were no pacemaker potentials to which the rest of the 
auricle could respond. If this hypothesis were correct, the auricle should stil! 
be able to respond to an electrical stimulus. The experiment shown in Fig. 5 
supports this view. 


20 mg 


A. 140°C 


B. 140°C, driven 


WY VY 


D. 120°C, driven 10°’ g/mi. ACh. 


E. 120°C, driven, wash F. 105°C, driven 


Fig. 5. Electrical stimuli applied to replace pacemaker. A, both electrical and mechanical 
activity cease abruptly at 14°C. B, electrical stimuli applied; both left and right auricles 
respond (compare F, in which stimulus artifacts alone appear). C, at 12° C only right auricle 
responding to every third stimulus. D, in presence of acetylcholine, 10-7 g/ml., both auricles 
respond to every stimulus, E, after acetylcholine washed out, only right auricle responds to 
every third stimulus. F, at 10-5° C no response; stimulus artifacts only. Retouched records. 
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In Fig. 5 the auricle had suddenly stopped and no pacemaker potentials 
could be found, but when stimulated (Fig. 5B) it responded to every stimulus. 
The auricle was then cooled further, in an attempt to simulate the conditions 
in the other auricles when the auricle just failed to respond to persisting pace- 
maker potentials, In Fig. 5C the auricle was responding, on the right side only, 
to every third stimulus. At this point acetylcholine was added, and soon after- 
wards the auricle began to respond once more to every stimulus, and the 
action potentials were conducted to the left side (Fig. 5D). When the acety)- 
choline had washed through, activity diminished, until the right auricle only 
| was responding once more to every third stimulus (Fig. 5E). On further 
| cooling all activity ceased, and stimulus artifacts only were seen (Fig. 5F). 
The addition of acetylcholine at this point had no effect, neither did it evoke 
contractions at a higher temperature in the absence of a stimulus (Fig. 5A). 
It thus appeared that some initiating stimulus, either in the form of a pace- 
maker potential or an electric shock, had to be present for the acetylcholine 
be effective. 
| In four experiments the auricles were cooled and rewarmed, first in normal 
control solution, and then in a solution containing 10-* g/ml. acetylcholine. 
The temperature at which the pacemaker potentials only were observed was 
not significantly different in the two solutions. In the acetylcholine solutions, 
however, the phase during which only the pacemaker potentials were seen was 
very brief, because the rest of the auricle continued to respond almost until the 
\ initiating stimulus stopped. Similarly, when the auricle was rewarmed in the 
| presence of acetylcholine, propagated action potentials appeared very soon 
after the pacemaker potentials were first seen and at a temperature at which 
only pacemaker potentials had been present in the control solution. 

Effect of eserine. Eserine in concentrations from 10-* to 10-7 g/ml. had no 
effect on the size or frequency of the pacemaker potentials, but the amount of 
) acetylcholine necessary to make the rest of the auricle respond to the pacemaker 
| potentials was 10 to 1000 times less in the presence of eserine. In six experi- 
ments eserine was added as a constant concentration to the solution bathing 
the auricle, for periods up to 14 hr. In the experiment illustrated in Fig. 6, 
at 16° C when only pacemaker potentials were visible, acetylcholine 10~? g/ml. 
. initiated an action potential and tension, but the activity was not propagated 
| to the left auricle (Fig. 6B). Acetylcholine 10-* g/ml. achieved the pro- 

duction of an action potential which was propagated to the left auricle 
(Fig. 6C). When the solution passing through the bath contained 2 x 10~* g/ml. 
eserine, however, a concentration of acetylcholine as low as 10-* g/ml. elicited 
a propagated action potential. 
‘ The rate of the pacemaker. The auricular rate below 20° C was less regular 
than above this temperature. In some experiments the rate of the pacemaker 


potentials increased after the addition of acetylcholine, and it was at first 
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thought that this might be a regular effect of acetyleholine. Examination of 
the whole series of experiments, however, revealed that there was no con- 
sistent change in the rate of the pacemaker potentials in the interval (some- 
times 2 min) after the addition of acetylcholine, and before the commence- 
ment of contractions and propagated action potentials. Once the contractions 
had started, the rate always increased, at least to some extent (Fig. 4D), and 
it seemed as though the activity provoked by acetylcholine and not the 
acetylcholine itself was responsible. In sum, no consistent change in the shape 
or frequency of the pacemaker potentials themselves was produced by 
acetylcholine, eserine or atropine. The action of these drugs seemed to be not 
upon the production of the pacemaker potentials, but upon the effects of the 
latter on the rest of the auricle. 


in control solution 


B. 16°C, 10°77 g/ml. ACh 


C. 16°C, g/ml. ACh 
Solution containing eserine 2 x 106 g/mi. 


Fig. 6. A-C, auricle in control solution. D-E, auricle in solution containing eserine 2 x 10~* g/m. 
A, pacemaker potentials only. B, effect of ACh 10-’ g/ml. C, effect of ACh 10~* g/ml. 
D, pacemaker potentials only. E, effect of ACh 10-* g/ml. F, effects of ACh 10-’ g/ml. 
Retouched records. 

In Fig. 7 the rate of the ies the height of the action potential, and 
the force of contractions, have been plotted against time, first when an auricle 
was warmed, and secondly when the electrical and mechanical activity were 
restored by the addition of acetylcholine in the same experiment. In Fig. 7 A, 
when the temperature was raised, the pacemaker potentials increased in 
rate with very little increase in size until a critical temperature was reached 
at which propagated action potentials appeared simultaneously with 
measurable tension. Thereafter, the size of the action potential and tension 
increased together, although the temperature remained unchanged. With 
acetylcholine, at low temperature, the picture was rather different, as seen 
in Fig. 7B. When the acetylcholine was added the first thing that happened. 
after a latency of about 2 min during which time there was no change in either 
the rate or amplitude of the pacemaker potentials, was the appearance of large 
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¢ propagated action potentials and tension, but no increase in rate. An increase 
, in rate began several minutes later, and reached a maximum at a time when 
. the amplitude of the action potential was already declining. It thus appears 
: that the factors controlling the rate are quite separate from the factors 
5 affecting conduction. The effect of acetylcholine in linking the pacemaker 
1 potentials to propagated potentials may well be a quite distinct phenomenon 
' | from its effect of slowing the rate at normal temperatures. 

A 
/ 
40 400 
/ 
30 300}- 
20} 200}- tec 
il 
150 4% 
10+ 100 - 20 
50 10 
and 
B 
400 
1. 
| / 
20 200 F- 4°C 
My 104 \ 20 
i 50 + \ --e 10 
20 30 40 50 min 
h ACh g/mi. 
a Fig. 7. Rate of beat, height of action potential and tension during change of temperature and 
application of ACh. A, temperature slowly raised; rate increases gradually but contractions 
, 7 commence at a definite threshold. B, temperature constant at 17° C, ACh 10-7 g/ml. added ; 
tit large action potentials appear suddenly but rate is not affected until auricle has been beating 
for some time. 194 
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DISCUSSION 


The mechanism by which the heart beat is initiated has been explained in 
a number of ways, but direct experimental evidence of relevance has not 
been easy to obtain. Arvanitaki & Cardot (1937) observed small rhythmical 
potentials preceding each beat of the snail’s heart. Bozler (1943) described 
pacemaker potentials of two kinds. The first was a low frequency oscillation on 
which action potentials were superimposed. Acetylcholine was said to slow 
the heart by increasing the number of oscillations between successive action 
potentials. Such potentials were only seen in turtle and cat hearts, and were 
not always found, so that Bozler himself suspected that they might have a 
traumatic origin (cf. Adrian, 1930). Nothing resembling an oscillation of this 
kind was seen in our experiments. 

The second type of pacemaker potential described by Bozler was a small 
‘foot’ in front of the action pdtential. This was not an oscillatory potential, 
but occurred at the normal heart rate, and was found only in the region of the 
pacemaker. A slow diastolic wave of depolarization preceding the fast up- 
stroke of the action potential was recorded with intracellular capillary elec- 
trodes in the sinus node of the frog heart by Trautwein & Zink (1952) and del 
Castillo & Katz (1955), and similar potentials were observed at the sites of 
origin of action potentials in spontaneously beating excised Purkinje tissue 
(dog, goat) by Weidmann (1951, 1955), Trautwein et al. (1953) and Coraboeuf 
& Weidmann (1954). This evidence suggests that the slowly rising foot pre- 
ceding the action potential would be seen in any region which was firing 
spontaneously, and that the production of such * pacemaker’ potentials is not 
the prerogative of a specific anatomical region of the heart. 

Rijlant (1932) placed electrodes on the sinus and presinus regions of the 
intact dog, cat and rabbit hearts, and recorded action currents which preceded 
the auricular action potentials by 5-20 msec. The interval could be increased 
by cooling the heart. Our own experiments have revealed at low temperatures 
in isolated rabbit auricles potentials which seem to have more in common with 
these sinus potentials in intact hearts than with the ‘pacemaker’ potentials 
observed in excised Purkinje tissue. The two types of potential suggest two 
ways of depicting the auricular pacemaker. First as a specialized tissue, 
perhaps a remnant of the sinus venosus, whose main function is not to contract, 
but to produce regularly occurring potentials to which the rest of the auricle 
‘can respond with propagated action potentials and contractions. Secondly, as 
a part of an auricular syncytium, not remarkably different from the rest, 
which happens to have the fastest spontaneous rhythm, and which, by 
coincidence, is also the part most resistant to cooling. 

The evidence presented is not decisive, but it favours the former view. 
Small regularly occurring potentials persisted at the pacemaker to a tempera- 
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ture several degrees below that at which the rest of the auricle ceased to 
produce potentials or to contract. The potentials were found in a region already 
located as the origin of the auricular potential at a higher temperature. The 
pacemaker potentials exhibited a singular regularity of form and time-course, 
whether the rest of the auricle fired or not. Although no tension was recorded 
in the presence of the slow pacemaker potentials, as soon as the faster and 
larger propagated action potentials began to ‘take off’ from them on re- 
warming, the development of tension was at once readily observed. When the 
low temperature was maintained, the pacemaker potentials could be made to 
fire propagated action potentials by the addition of acetylcholine. This effect 
was abolished by atropine and potentiated by eserine, but neither atropine 
nor eserine had any effect on the shape or frequency of the pacemaker 
potentials themselves. 

Since the pacemaker potentials were only distinguishable entities at low 
temperatures, we have no evidence whether acetylcholine has any function in 


ous the pacemaker with the rest of the auricle at higher temperatures. It is 


of interest to recall the hypothesis of Biilbring & Burn (1949), which was the 
starting point of the present investigation, that the synthesis and release of 
acetylcholine plays a part in the maintenance of the normal cardiac rhythm. 
This hypothesis was based upon observations of the rate of synthesis of 
acetylcholine and the duration of activity in isolated auricles, and upon 
much other evidence reviewed by Burn (1950). Recently, with the aid of 
F. J. Philpot (unpublished experiments), it has been found, in preparations 
of fresh auricles, that acetylcholine synthesis is greater in the neighbourhood 
of the pacemaker than elsewhere. 

Whatever view may be taken of the nature of the pacemaker, the two 
principal points established by the present work remain. First that activity 
persists in the pacemaker region at considerably lower temperatures than in 
other parts. Secondly, that the functional link, broken by cooling, between the 
pacemaker and the rest of the auricle, can be fully re-established by extremely 
small amounts of acetylcholine. In the interval, often of a few minutes’ 
duration, between the addition of the acetylcholine and the commencement 
of propagated potentials associated with measurable contractions, the shape 
and frequency of the pacemaker potentials were not themselves consistently 
changed. These facts, together with the other evidence already presented, 
suggest that the effect of acetylcholine in re-establishing the link between the 

cemaker and the rest of the auricle at low temperatures is a phenomenon 
quite distinct from its usual effect of reducing the rate of the pacemaker at 
normal temperatures. 

How then is the link between the pacemaker and the rest of the auricle 
restored by acetylcholine? An answer may be given by some experiments at 
present in progress whose object is to determine whether acetylcholine 
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causes a slight increase in membrane potential at low temperatures. It 
has been established that the rate of entry of sodium is a function of the 
resting potential (Weidmann, 1955). It is possible that conduction fails 
because the membrane potential falls so low on cooling that sodium entry is 
too slow to discharge the membrane around the pacemaker. A small increase 
in resting membrane potential produced by acetylcholme (Burgen & Terroux, 
19536; Hoffman & Suckling, 1953) might conceivably be sufficient to permit 
the membrane current initiated by the pacemaker potential to reach the 
threshold required to fire off the surrounding muscle. 


SUMMARY 

1. Isolated rabbit auricles were allowed to beat in a chamber whose 
temperature could be fixed at any point between 10 and 35° C. 

2. Electrical records were taken from the region of the pacemaker i in the 
right auricle and from the tip of the left auricle. Contractions were recorded 
by a transducer, RCA 5734. The auricles were then slowly cooled from 30° C. 

3. At temperatures (14-20° C) at which all other electrical and mechanical 
activity had ceased, small rhythmical potentials were observed in the region 
of the pacemaker in nineteen out of twenty-five experiments. 

4. As the tissue was rewarmed the first activity seen consisted of small 
rhythmical non-propagated potentials in the pacemaker region. At’ a definite 
threshold, several degrees higher, faster and larger action potentials appeared 
to ‘take off’ from the pacemaker potentials. The large potentials were pro- 
pagated across the whole auricle, and were associated with the development 
of contractions. 

5. When the auricles were kept at a temperature at which non-propagated 
pacemaker potentials only were observed, acetylcholine 10-* to 10-* g/ml. 
caused propagated action potentials and full auricular contractions. 

6. This effect of acetylcholine could be potentiated by eserine and abolished 
by atropine. Atropine and eserine alone had no effect on either the rate or 
amplitude of the pacemaker potentials. Acetylcholine in these concentrations 
had no effect on the auricles at 30° C. 

7. In six experiments no pacemaker potentials were seen at the low tem- 
peratures, but the auricle responded to electrical stimulation. If the tempera- 
ture was lowered further to a point where the response to the stimulus was 
infrequent, the addition of acetylcholine promptly restored the electrical and 
mechanical activity to their normal levels. 

8. The conclusion drawn was that the pacemaker region was able to resist 
cooling to a temperature several degrees below that at which the rest of the 
auricle ceased to contract. The link between the pacemaker and the sur- 
rounding tissue, thus broken by cooling, could be restored by acetylcholine. 
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THE EFFECTS OF VITAMIN E AND OF METHYLENE BLUE 
ON THE MANIFESTATIONS OF OXYGEN POISONING 
IN THE RAT 


By D. W. TAYLOR 
Department of Physiology, University of Aberdeen 


(Received 1 July 1955) 


Previous work has shown that rats given a diet deficient in vitamin E are more 
sensitive to the effects of oxygen under high pressure than are animals given 
the same diet but with vitamin E supplements (Taylor, 1953). This has 
recently been confirmed (Gerschman, Gilbert, Nye & Fenn, 1955). On the 
other hand, it has been demonstrated by a number of workers that methylene 
blue can prevent some, but not all, of the more obvious manifestations of 
vitamin E deficiency. Dam & Granados (1952) found that methylene blue 
improved, almost to the same extent as Vitamin E, the reproductive capacity 
of female rats deficient in this vitamin, and Aaes-Jorgensen, Dam & Granados 
(1951) showed that methylene blue prevented the development of incisor 
depigmentation, and coloration and oxidation of body fat. Moore, Sharman & 
Ward (1953) found that methylene blue prevented uterine pigmentation and 
delayed incisor depigmentation, but could not.confirm the effect on fertility 
nor the finding of Christensen & Dam (1951) that methylene blue prevented 
haemolysis by dialuric acid of erythrocytes from vitamin E deficient rats. It 
seemed of interest, therefore, to find out if methylene blue had any effect on 
oxygen poisoning in vitamin E deficiency. 


METHODS 


Animals and diet. Hooded rats of the Rowett strain were used. All were weaned on the 23rd day 
and placed on the same basic diet, the composition of which is shown in Table 1, and which had 
also been given to the mothers from the 12th day after littering. The salt mixture was a slight 
modification of no. 351 of Hubbell, Mendel & Wakeman (1937); it contained no KCl and 112 g 
NaCl. To this diet was added a solution (30 ml./kg) of water-soluble vitamins and choline, of 
the same composition as that used by Campbell & Kosterlitz (1949). Vitamin A palmitate and 
calciferol were administered in previously heated arachis oil and given by pipette orally twice per 
week in doses of 600 and 60 i.u. respectively. 

Design of experiments. Thirty-two animals, numbered from one to sixteen for each sex in order 
of littering, were placed at random into four groups, each of four males and four females. A litter 
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effect was not allowed for, previous experiments (Taylor, 1953) having given no evidence for such 
an effect. One of the groups, E, received in addition to the basic diet and vitamin supplement, 
a-tocopherol acetate (5mg orally in arachisoil twice weekly); a second group, M, received methy]- 
ene blue (0-15% in the diet); a third, MF, received a-tocopherol acetate + methylene blue while 
the fourth group, O, received no supplement. 

Exposure to oxygen under pressure. The animals were exposed at the age of 180-200 days to 5 
atmospheres of oxygen. The conditions of exposure were standardized as far as possible and were as 
follows. Animals were placed in the chamber in pairs and were under direct observation through- 
out. The chamber was flushed through with 4001. 0, and the pressure raised at the rate of 
10 Ib./sq.in/min to 75 Ib./sq.in. (approximately 5 atmospheres). The oxygen content under 
these conditions was, within narrow limits, 98%. CO, was absorbed by trays of soda-lime. 


TaBLe 1, Composition of basic diet 


% 
Sugar 67 
Casein (low vitamin content, Genatosan Ltd.) 20 
Pure lard (heated in boiling water-bath for 12 hr.) 10 
Salt mixture 3 


Assessment of general effects. The manifestations of oxygen poisoning as it affects the central 
nervous system form in the majority of rats a fairly standard picture—twitching and jerking of 
ears, head and limbs, violent shivering and severe convulsions, in that order of onset, rapidly 
followed by prostration and death. In some animals, however, prostration may occur without 
preliminary motor disturbance, other than perhaps ataxia. This prostration is often, but not 
always, accompanied by hyperpnoea. The interval from the initial raising of the oxygen pressure 
to the appearance of such prostration or convulsions, whichever was earlier, was taken as the time 
to onset of severe poisoning. 

Dialuric acid haemolysis. Blood for the dialuric acid haemolysis test (Rose & Gyérgy, 1950) was 
taken immediately after decompression of the animals, either from the heart in cases where death 
had occurred or from the femoral artery of the unconscious but still living rat. The blood was 
collected, as described by these authors, into approximately four times its volume of an aqueous 
solution containing 0-9 % sodium chloride and 1-0 % sodium citrate in graduated centrifuge tubes, 
and centrifuged before the making up of a 5% suspension of blood cells in 0-9% NaCl solution, to 
a moiety of which the requisite amounts of buffer and dialuric acid solutions were added. 

In another short series of experiments seven rats from one litter were given the deficient diet, as 
for group O, for 92 days. The animals were lightly anaesthetized with ether and blood samples, 
collected as in the earlier experiments, were taken from the tail before and after exposure to 
5 atmospheres of oxygen. In five cases samples taken before exposure were subjected in vitro to 
oxygen under pressure. 


RESULTS 


General. At post-mortem examination all the females in group O showed 
chestnut-brown pigmentation of the uterus and all the males exhibited 
testicular atrophy. These findings are evidence of vitamin E deficiency inde- 
pendent of the results of the dialuric acid haemolysis test. Methylene blue 
completely prevented this uterine pigmentation, confirming the results of 
Moore et al. (1953). In contrast to their results methylene blue also prevented 
loss of testicular weight. In the males of group O total testicular tissue weight 
varied between 1-02 and 1-50 g, with an average of 1-21 g/rat, while for groups E, 


M and ME the respective averages were 2°76, 2-45 and 2-54 g/rat, the limits 


being 2-15 and 2:96 g. | 
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When growth curves and total body weights on the day of exposure were 
studied, it was found that independently of sex, the animals given methylene 
blue weighed less than the animals not given this drug. These differences on 
the day of exposure were of the order of 80 g/rat for the males and 25 g/rat for 
the females (P < 0-001). This effect of methylene blue on growth is in agreement 
with the results Sf Aaes-J orgensen et al. (1951). Surprisingly, there were signs 
of an interaction of methylene blue and tocopherol; the two drugs acting 
together tended to reduce the weight (P <0-05), but inspection of the growth 
curves showed that any difference between groups M and ME applied to the 
males only. 


TaBe 2. The effects of tocopherol and methylene blue on the mean time (min) 
to onset of severe poisoning 
The number of animals and their group are given in brackets. s.z. of difference between any 
two means = 6-3. No 
methylene blue Methylene blue 


No tocopherol 33 (8; O) 44 (8; My 
Tocopherol 56 (8; E) 36 (8; ME) 


TaBeE 3. The effects of tocopherol and methylene blue on the 
severity of lung damage 
The number of animals and their group are given in brackets. s.x. of difference between any two 
means in body of table =0-6. 8.8. of difference between either pair of marginal means = 0-4. 


No methylene blue Methylene blue Mean 


No tocopherol 3-5 (8; O) 3-5 (8; M) 3-5 
Tocopherol 1-5 (8; E) 0-9 (8; ME) 1-2 
Mean 2-5 2-2 


Nervous system disturbances. It is seen from Table 2 that both methylene 
blue and tocopherol gave a significant degree of protection (P <0-01). Sur- 
prisingly, the mean time of onset of severe poisoning was not appreciably 
longer for group ME than for group O. The difference between groups M and 
E, given the small number of animals, is only suggestive of failure of methylene 
blue fully to replace vitamin E in these circumstances, and is not significant 
at the 5% level. There was no sex difference in mean time of onset of severe 

Lung damage. Macroscopic lung damage, varying from a few punctate 
haemorrhages to complete hepatization, was measured on an arbitrary scale 
running from 0 to 5. Tocopherol had a very marked effect in lessening the 
damage (P<0-001). Methylene blue had no effect, nor was there any inter- 
action of tocopherol with methylene blue. There was no sex difference. 

Haemolysis. The dialuric acid haemolysis test was negative in all the 
tocopherol-treated rats. Extremely interesting was the finding that in the case 
of all the blood samples from the vitamin E-deficient rats exposed to 5 atmo- 
spheres O,, with and without methylene blue, the supernatant fluid after 
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centrifuging, a8 described earlier, was deeply coloured as the result of haemo- 
lysis of the red cells—to such an extent that it was quite impossible to carry 
out the dialuric acid test satisfactorily. This haemolysis was present irrespective 
of whether the blood was collected from the heart after death or from the 
femoral artery of an unconscious but still living animal. In two cases where 
additional blood samples were collected into graduated heparinized tubes and 
centrifuged, the total red cell volume had fallen to about one-half of the normal 
value. In no animal given tocopherol was any haemolysis observed. Further- 
more, it should be mentioned that in the week before the exposure of the 
experimental animals, seven rats were killed and examined. These had not 
been included in the design, but had been fed throughout on the deficient diet, 
three of them with methylene blue. None of these showed any evidence of 
haemolysis, nor, as will be emphasized later, of lung damage. 

All the animals which had been only 92 days on the vitamin E deficient diet 
gave a positive result with the dialuric acid haemolysis test. No sample taken 
before exposure, whether or not it had been subjected to oxygen under 
pressure, showed any trace of haemolysis after centrifuging. All samples taken 
after exposure of the animals showed haemolysis after centrifuging. 


DISCUSSION 


A complete explanation of these results must wait upon elucidation of the 


fundamental mode of action of both vitamin E and pure oxygen at high 
pressures, but the following points seem to deserve consideration. 

Lung damage, varying from slight congestion to gross haemorrhage, passing 
into complete hepatization, is a well-recognized sequel to exposure to oxygen 
under high pressure. However, it is the experience of the author and of others 
(Bean, 1945) that the typical nervous system reactions and lung damage do 
not necessarily run parallel. Thus the lungs may appear normal after death 
following convulsions, while they may be grossly haemorrhagic in an animal 
that has not exhibited motor disturbance; while again such an animal, pros- 
trate and hyperpnoeic but not having convulsed after exposure of, say, 60 min 
to 6 atmospheres O, may still show no gross evidence of lung damage. This 
dissociation is borne out in the present study, where the lung damage is 
clearly connected with the presence or absence of tocopherol in the diet and 
bears no relation to the nervous system disturbances, and where methylene 


blue was effective at least to a considerable extent in delaying the nervous 


system disturbances, but not in preventing the development of the lung 
lesions. That vitamin E deficiency quite independently of any exposure to 
oxygen under high pressure may be one factor in the development of lung 
damage was shown by Hove (1949), who reported massive lung haemorrhage 
and liver necrosis in rate on a diet deficient in vitamin E and containing only 
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5% protein (casein). The damage was prevented by tocopherol. Dam & 
Granados (1951), in similar experiments, could prevent the lung damage by 
giving methylene blue. In the present experiments, however, dietary protein 
(20%) was adequate for growth, while methylene blue did not prevent lung 
haemorrhage, and, as pointed out earlier, rats given the deficient diet but not 
exposed to oxygen had no pulmonary lesions. Exposure to oxygen under high 
pressure must therefore be regarded as essential in the production of these 
lesions in the present experiments. 

The precise cause of the haemolysis of red blood cells occurring im vivo in 
vitamin E-deficient animals exposed to oxygen under pressure is not at all 
clear. It does not occur unaided in vitamin E-deficient red cells and is not 
the result of a dirct action of oxygen under pressure Oh such red cells, but 
takes place secondarily, following a primary process or series of processes 
within the intact animal exposed to oxygen. Rose & Gyérgy (1952) found that 
catalase inhibited the haemolysis by dialuric acid, and that H,O, caused slow 
haemolysis. They also found evidence suggesting that H,O, was indirectly 
involved in the dialuric acid reaction but was not the actual haemolysing 
agent. Possibly H,O, may be implicated in O, poisoning. 

The effects on the central nervous system provide another problem. Their 
occurrence in O, poisoning has been explained as due to increased oxidation 
in the nerve cells (Campbell, 1937) and, on the other hand, to damage to 
enzyme systems (Bean & Bohr, 1944) causing an actual tissue anoxia. Dickens 
(1946) and Mann & Quastel (1946) suggested involvement of SH-containing 
enzyme systems. In the first case a reduction of cell metabolism by action of 
vitamin E, an action which is suggested by the scanty evidence available, 
would be of benefit, while in the second case addition of tocopherol might 
decrease the rate of oxidation of SH groups and again be of benefit. Without 
additional evidence one hypothesis is not more likely than the other. But if 
one accepts the suggestion of Hickman & Harris (1946) that a cutting down of 
cell metabolism is a primary and intracellular function of vitamin E, and that 
it has a secondary and more general antioxidant role which may be taken by 
other substances, then the protection against involvement of the central 
nervous system given by methylene blue points rather to the second hypo- 
thesis, viz. an interference by oxygen at high pressure with important enzyme 
systems, such as to result in anoxia of the cells. And further it could be pos- 
tulated that an excess of antioxidants might be just as effective as a deficiency 
of antioxidants in bringing such enzyme reactions to a halt, the effects being 
detrimental in either instance. Such, at any rate, is a tentative explanation 
for the absence of any difference in time of onset of severe poisoning between 
the untreated animals and those animals given tocopherol + methylene blue. 
and also for the greater weight-loss in this group compared with that given 
methylene blue only, although it is hard to see why this weight-loss should 
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involve only the males. It would be interesting to determine the effects of 
a wide dose-range of tocopherol alone and in combination with other reducing 
substances on @ larger number of animals. In contrast, the prevention of lung 
damage and haemolysis, which are unaffected by methylene blue, could be 
said to be due to a more spgeific action of vitamin E. 


SUMMARY 


1. The effects have been investigated of tocopherol and of methylene blue 
on rats given a vitamin E-deficient diet for 180-200 days and then exposed to 
5 atmospheres of Q,. 

2. Animals deficient in vitamin E were more susceptible to the effects on 
the central nervous system of oxygen at high pressure than were those given 
supplements of a-tocopherol. 

3. This increased susceptibility was modified by the addition of methylene 
blue to the basic diet but not by the addition of both methylene blue and 
tocopherol. 

4. Lung damage was more severe in the animals not given tocopherol, and 
was not prevented by methylene blue. 

5. All rats not given tocopherol showed in vivo haemolysis which methylene 
blue did not prevent. 

6. Red cells from vitamin E-deficient rats did not haemolyse when exposed 
directly to 5 atmospheres of O,, exposure of the intact animal being necessary. 


I am indebted to Mr J. Fraser Scott for the statistical analyses and to the Medical Research 
Council for an expenses grant. 
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EFFECT OF ANTIGEN AND ORGANIC BASES ON INTRA- 
CELLULAR HISTAMINE IN GUINEA-PIG LUNG 


By J. L. MONGAR ann H. O. SCHILD 
From the Department of Pharmacology, University College London 
(Received 11 July 1955) 


Histamine-containing intracellular particles have been prepared from dog’s 
liver by Copenhaver, Nagler & Goth (1953), Hagen (1954), and Grossberg & 
Garcia-Arocha (1954), and it has been shown that they release histamine in the 
presence of octylamine (Hagen, 1954), diamines, surface active agents, acetone 
and rat serum anaphylatoxin (Grossberg & Garcia-Arocha, 1954). The purpose 
of the present paper was to find out whether intracellular particles from 
sensitized tissues release histamine in anaphylaxis. 

Histamine-containing intracellular particles from sensitized guinea-pig lung 
and spleen were used since these tissues are known to liberate a large propor- 
tion of their histamine content in anaphylaxis (Mongar & Schild, 1952). We have 
studied the distribution and manner of binding of histamine in these particles 
and the effects of chemical releasers and anaphylaxis. Antigen was competely 
inactive on the isolated particles, although the organic bases 48/80 and octy]l- 
amine were as active in releasing histamine as on whole tissues. The particles 
were, however, depleted of histamine when the antigen was added before 
homogenizing the tissue, in agreement with the findings of Copenhaver e¢ al. 
on dog’s liver. In view of this contrast histamine release in anaphylaxis was 
studied during successive stages of tissue disintegration; histamine release 
diminished progressively as the size of the tissue fragments was decreased. 
A summary of these results has been communicated to the Physiological 
Society (Mongar & Schild, 1954). 


METHODS 


Guinea-pigs weighing 300-400 g were killed by a blow on the head; the lungs were removed and 
immediately placed in ice-cold sucrose solution. Most of the connective tissue was removed by 
passing the lungs through a small mincer (Mongar & Schild, 1953): the fragments of lung so 
produced were suspended in 10 vol. of isotonic (0-3m) sucrose and completely disintegrated by 
3-5 min treatment in a close-fitting glass blender. The homogenate was fractionated by centri- 
fuging at varying speeds. Fraction 1 consisted of the remaining connective tissue and larger cell 
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debris. It was obtained by centrifuging at about 200g for 5 min. This fraction was usually bulky 
and was washed free of smaller particles by re-suspending and re-centrifuging. Fraction 2, which 
consisted largely of cell nuclei and smaller debris, was obtained by centrifuging the supernatant 
and washings for 10 min at 600g. Fraction 3, the ‘mitochondrial’ fraction, was obtained by 
spinning at 11,000g for 10 min. Fraction 4, consisting of submicroscopic particles, was removed by 
spinning at 34,000g for 10 min. All operations were carried out at 0-4°C. Examination of a 
suspension of the mitochondrial fraction under the phase microscope revealed a much less homo- 
geneous preparation than was obtained under similar conditions from rat or dog liver. Besides 
containing spherical particles of about 2, diameter, this fraction also contained an appreciable 
amount of irregular particles which tended to adhere together. A preparation which was examined 
under the interference microscope showed the presence of a diffuse gel-like material around the 
icles. 

ae the determination of histamine content the fractions were re-suspended in Tyrode solution, 
placed in a boiling water-bath for about 3 min, and assayed on the atropinized guinea-pig ‘leum 

Mepyramine maleate abolished the activity in all fractions as readily as that of histamine. 

The concentration of histamine could not be expressed in terms of dry weight of tissue as the 
fractions were contaminated with sucrose from the suspending medium and particles of glass from 
the blender. The nitrogen content of each fraction was therefore used as a basis of comparison. 
The Kjeldahl digestion was carried out according to King (1951). The ammonia produced was 
estimated by nesslerization with a Spectrum blue filter and a Spekker absorptiometer. The 
absorption was determined within | min of development. 

The following procedure was adopted for measuring histamine release from the mitochondrial 
fraction. The pellet in the bottom of the centrifuge tube was re-suspended in 10 vol. of cold sucrose 
or Tyrode solution using a glass blender in which the pestle was rotated by hand. Vigorous agita- 
tion was found to increase the histamine value of the blank, presumably by disintegration of the 
particles. Aliquots of the suspension (usually 0-01 ml.) were then measured out with an Agla 
microsyringe and the releaser solution was added. Before assay the particles were spun down at 
11,0009 for 10 min in the cold and the supernatant was carefully sucked off from the residue using 
a hypodermic syringe with a long polythene ‘needle’, In some experiments the volume of the 
supernatant was only 0-1 ml. and in these cases two further volumes of 0-1 ml. Tyrode solution 
were carefully added to remove the solution adhering to the tube and to the top of the residue. The 
supernatant, suitably diluted, was assayed against standard solutions of histamine containing 
where necessary an equal concentration of chemical releaser or antigen. The histamine in the residue 
was separately determined. 

In experiments in which histamine release from intact cells was studied the tissue fragments 
were prepared either by means of a Latapie mincer or by the chopper of McIlwain & Buddle 
(1953). 


RESULTS 
Intracellular distribution of histamine 
The distribution of histamine between the various fractions obtained from 
homogenates of guinea-pig lung is shown in Table 1. Although these fractions 
are not homogeneous, each has been designated by its major constituent. 
About one-third of the histamine content of the tissue occurs free in the super- 
natant fluid, the rest is bound to the particulate matter. One-third is associated 
with the large particles (debris and nuclei) which are spun down at 200 and 
600g respectively; the remainder is contained mainly in the mitochondria! 
fraction which separates at 11,0009; only a small amount is present in the sub- 
microscopic particles. 
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The proportion of free histamine in these homogenates is probably greater 
than that in the intact cell. Unlike liver, lung tissue cannot be disintegrated 
without damage to the intracellular particles. The amount of free histamine 
present depends on the time of treatment in the homogenizer. Table 2 shows 
the results of an experiment in which samples of lung tissue were homo- 
genized for 3, 6 and 12 min. The amount of free histamine in the supernatant 


TasLE 1. Intracellular distribution of histamine in guinea-pig lung after homogenizing in a Potter- 
Elvehjem blender for 3-5 min in 10 vol. of ice-cold isotonic sucrose solution. Each experiment 
was done on tissue from a different animal. The figures give the histamine content of each 
fraction as a percentage of the total histamine in the tissue 


Experiment 
Nuclei 2 2 & 21 
Microsomes 15 2 3 10 5 3 4 6 
Supernatant 42 23 2 31 


* From sensitized animals. 


TaBLeE 2. Percentage intracellular distribution of histamine in guinea-pig lung after 


homogenizing for varying times 
Time of homogenizing (min) 
3 12 
Debris and nuclei 45 36 25 
Mitochondria and microsomes 16 14 10 
Supernatant 39 50 65 


TaBLE 3. Histamine concentration in intracellular fractions of guinea-pig lung. Results 
from experiments on five guinea-pigs expressed as yg histamine/mg nitrogen 


Experiment 
Geometric 
: 8 9* 10* 1] 12 mean 
Debris 08 O61 0-1 07 07 0-4 
Nuclei 08 O1 02 27 £«43- 0-95 
Mitochondria 43 49 12 95 38 5-0 
Microsomes 0-9 i6 01 12 09 0-95 
Supernatant 08 Ol 05 06 1-6 0-5 


* From sensitized animals. 


increased appreciably as the time of treatment was increased. A further factor 
which probably accounts for some of the free histamine found in the super- 
natant is the spontaneous loss of histamine from particles which occurs when a 
suspension is diluted. This effect is described below. 

Table 3 gives the results of five experiments in which the concentration of 
histamine in each of the five intracellular fractions was determined in terms of 
the nitrogen content. Despite considerable variation between experiments it 
is clear that histamine is most concentrated in the mitochondrial fraction. 


Most of the subsequent experiments were therefore done on this material. 
14 PHYSIO. CXXXI 
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In some of the experiments there was evidence that histamine was formed. 
When the quantity of histamine present in a given amount of a suspension of 
mitochondria at the beginning of an experiment was compared with that 
present at the end of the experiment, an hour or so later, the histamine content 
had considerably increased. Formation of histamine occurred only with 
material from a few guinea-pigs. In three series of experiments on material 
from three guinea-pigs the average amount of histamine present at the end of 
the experiments was 207, 190 and 200% of the initial content. Each figure is 
the mean of determinations made on twelve to twenty-eight separate samples. 
In preparations from eleven other guinea-pigs there was no evidence of hista- 
mine production. We have not been able to find conditions under which a 
formation of histamine can be regularly obtained. 


100 
<= 
Fr Tyrode 
c 
Sucrose 
10 100 1000 
Dilution 
Fig. 1. Effect of dilution on histamine distribution between intracellular particles 
Spontaneous loss of histamine 


In a previous communication (Mongar & Schild, 1953) it was shown that 
when guinea-pig lung was minced into small fragments weighing about 2 mg 
the tissue maintained its histamine content very well. This is not the case with 
intracellular particles, which tend to lose histamine when resuspended in either 
sucrose or Tyrode solution. The amount of loss depends on the nature and the 
volume of the suspending medium. Experiments were carried out in which a 
fixed volume of mitochrondrial suspension (0-01 ml.) was diluted with 0-1, 1, 
and 10 ml. of sucrose or Tyrode solution at 0°. The suspensions were gently 
stirred and left standing at 0° for half an hour. They were then centrifuged 
and the separate phases analysed for histamine. The results of three such 
experiments are summarized in Fig. 1. It will be seen that the particles 
retained their histamine better in sucrose than in Tyrode solution and that 
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with both suspending media the proportion of free histamine increased with 
dilution. These findings suggested a mass action effect. 

In order to test whether histamine dissociates reversibly from the particles 
an attempt was made to repress the loss by adding histamine to the solution. 
The experiments were carried out as follows: 0-01 ml. of a mitochondrial 
suspension was diluted with 0-1 ml. or 10 ml. Tyrode solution containing 10-* 
histamine. This corresponds to the concentration of free histamine normally 
present in a concentrated suspension of mitochondrial particles. The particles 
were separated from the suspending fluid by centrifuging, and their histamine 
TaBLe 4. Experiment to test the reversibility of the histamine loss from suspended intracellular 

particles by adding histamine to the suspending solution. The figures refer to the histamine 
content of the particulate matter after suspending in 0-1 or 10 ml. solution. They are expressed 
as @ percentage of the initial value 


0-1 ml. solution 10 ml. solution 

Control 10-*histamine Control 10—* histamine 
Expt. 1 60 53 36 54 
Expt. 2 59 59 38 38 
Expt. 3 70 79 64 51 
Mean 63 64 46 48 


content compared with that of controls suspended in a similar volume of 
Tyrode. A correction was applied in order to account for contamination of the 
particles by histamine from the suspending fluid. This was based on the amount 
of chloride taken up by a suspension of particles from Tyrode solution. The 
correction amounted to 15-18 %, of the histamine content. The results of three 
such experiments are given in Table 4. The results of this series agree with the 
previous experiments in showing that particles lose more histamine when 
suspended in 10 ml. solution than in 0-1 ml., but in neither case was there any 
evidence of diminished loss from the particles through this addition of histamine 
to the surrounding medium. 


Histamine release by octylamine and compound 48/80 

Hagen (1954) showed that octylamine (10-*) released histamine from intra- 
cellular particles prepared from dog’s liver; octylamine (10-*) and compound 
48/80 (10-*) were inactive. We have made a quantitative study of histamine 
release by these compounds from the mitochondrial fraction of guinea-pig lung. 

Effect of suspending medium. As with spontaneous release, the histamine- 
releasing activity of organic bases depends on the nature of the suspending 
medium. It is comparatively difficult to release histamine from particles 
suspended in isotonic sucrose solution. In sucrose both octylamine and 
compound 48/80 are inactive at a concentration of 10-4, but in Tyrode solution 
both releasers are highly active at this concentration. Fig. 2, which summarizes 
the results of three experiments, shows that in Tyrode solution octylamine is 
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Rate of release. Fig. 3 shows an experiment in which the rate of release from 
intracellular particles has been measured with three concentrations of octy|- 
amine and 48/80. These results were obtained with a suspension that had been 
stored in ice overnight and then spun down and re-suspended in sucrose. 
Aliquots (0-1 ml.) of this suspension were mixed with equal volumes of the 
histamine releaser in Tyrode. The solutions were assayed after 0-5-12 min 
incubation. In this experiment the assays were done on the entire suspension 
without prior removal of the particles. The rate of release depends on the con- 
centration of the releaser. A concentration of 10-* of either compound causes 
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Fig. 2. Fig. 3. 


Fig. 2. Effect of suspending medium on histamine-releasing activity of organic bases. Suspensions 
of mitochondrial fraction from guinea-pig lung left in contact with solution of releaser for 
5 min at 37°. The suspensions were then centrifuged in the cold and the histamine content of 
the residue and supernatant separately determined. Both octylamine and compound 48/80 
are more active in Tyrode than is isotonic sucrose. 


Fig. 3. Rate of histamine release from intracellular particles of guinea-pig lung. Effect of different 
concentrations of octylamine and 48/80. 


a rapid release, whereas a concentration of 10-* produces a slow release, at a 
rate which is only slightly above that of the control samples. Compound 
48/80 was slightly less active in this preparation than octylamine, correspond- 
ing to previous results in minced guinea-pig lung (Mongar & Schild, 1953). The 
concentrations of octylamine and 48/80, which release histamine from intra- 
cellular particles of guinea-pig lung, are of the same order as those active in 
minced and perfused lung (Feldberg & Mongar, 1954); however the time course 
of release is more rapid with intracellular particles than with minced tissues. 


Histamine release by antigen 
The tissue was either disintegrated in the glass homogenizer or chopped 
to obtain fragments that were large compared with the size of single cells: 
the results were different according to whether the antigen was added to tlie 
tissue fragments or to the disintegrated cells. 
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Homogenized tissue 

Lung. Three preparations were made from sensitized guinea-pig lung: (a) 
the unfractionated cell homogenate; (b) the total particulate matter; (c) the 
separated mitochondrial fraction. 

In series (a) the cells were disrupted in a glass blender and the suspension was 
centrifuged for a short time at a low speed to remove any fragments that had 
not been completely disintegrated. Several aliquots (0-1 ml.) of the homogenate 
were treated with an equal volume of Tyrode solution or 10-* egg albumin in 
Tyrode. In series (6) the total particulate matter was separated from the super- 
natant by high speed centrifuging and suspended again in a small volume of 
Tyrode solution. Aliquots of this were treated with antigen. In series (c) only 
the mitochondrial fraction was used. In all these experiments half the samples 


TaBLe 5. Effect of antigen on homogenates from sensitized guinea-pig lung. The figures show the 
amount of free histamine present in the supernatant expressed as a percentage of the total 
histamine 


Mean 
release by 10-* 
State of tissue Tyrode alone Antigen antigen  Octylamine 
Unfractionated homogenate 44}, 494,48 46}, 57, 48 4 — 
64, 60, 664 61, 67}, 69 3 a 
66 66, 63 2 
Total particulate matter 41, 44} 424, 39 -2 — 
36, 40 38, 38 0 88, 82 
Mitochondrial fraction 39, 36 33, 40 -1 89, 95 
25, 28 28, — 1} 83 
14* 11* -3 


* Sucrose used instead of Tyrode as suspending medium. 


were incubated for 5 min at 37° in 10-* egg albumin in Tyrode solution and the 
remainder in Tyrode solution alone. The particulate matter was centrifuged 
off and the histamine content of the supernatant and residue determined. 
Table 5 gives the histamine content of the supernatant as a percentage of the 
total. It will be seen that there is little change in the histamine content of the 
supernatant following addition of the antigen. Only in the unfractionated 
homogenate was there a small increase of 2-4°/, which contrasts with releases 
of 30-50% when the antigen was added to the minced tissue from the same 
animal, In the other preparations there was no change in the content of free 
histamine. Although these preparations appeared to be refractory to the anti- 
gen, chemical releasers were still capable of releasing histamine. Table 5 shows 
that the intracellular particles are almost completely depleted of histamine by 
10~ octylamine. 

Some experiments were carried out in which mitochondrial particles from 
guinea-pig lung were incubated with a preparation of purified antipneumo- 
coccal antibody kindly provided by Dr J. H. Humphrey. After a period of 
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incubation with antibody of 15-90 min, antigen was added and left in contact 
for a further period of 10 min. The particulate matter was then centrifuged off 
and the histamine content of the suspension was determined and compared with 
that of controls containing no antigen. In two such experiments there was no 
evidence of histamine release by antigen, although the presence of histamine 
in the particulate matter could be demonstrated by heating the suspension 
to 100° C., when the amount of free histamine was approximately doubled. 

Spleen. It has previously been shown that intact splenic tissue is active in 
releasing histamine in anaphylaxis. The results of experiments with homo- 
genates from guinea-pig spleen are summarized in Table 6. They agree with the 
experiments on lung in showing a small but consistent histamine release in the 
whole homogenate, and no evidence of histamine release from the mitochon- 
drial fraction. On the contrary, there was a slight decrease of free histamine 
in this fraction following addition of the antigen. 


Tasie 6. Effect of antigen on homogenates from sensitized guinea-pig spleen. The figures refer 
to the amount of free histamine present in the supernatant expressed as a percentage of the 


total histamine 
Tyrode Tyrode + antigen Change 
Unfractionated homogenate _ 16, 18, 9, 18 22, 18, 20, 20 +5 
38, 38, 39 43, 43, 39 +4 
8, 7 10, 10 +3 
Mitochondrial fraction 45, 35, 35 35, 32, 25 -7 
Tissue fragments 


Minced tissue. A suspension of minced lung tissue fragments weighing about 
2 mg was prepared from guinea-pigs sensitized to egg albumin. In Tyrode 
solution without the addition of antigen the suspension gave no appreciable 
release of histamine, in contrast to the large release which occurred when the 
tissue fragments were subsequently placed in a solution containing 10-* egg 
albumin when about 50% of the histamine content was released (Fig. 4). This 
release occurred rapidly, 34° being released within the first 5 min. In three 
further corresponding experiments, 26, 30 and 35% of the histamine con- 
tained in the tissue fragments was released within 20 min by the antigen. 

In order to find out whether the source of the histamine thus liberated could 
be traced to a particular intracellular fraction, minced tissue was left in contact 
with antigen (10~-* egg albumin) and subsequently homogenized and separated 
into three fractions. The results of an experiment of this kind are shown in 
Fig. 5. Eleven uniform samples of minced tissue were prepared by means of 
the sampling device previously described (Mongar & Schild, 1953). Six of the 
samples were left in contact with antigen for 20 min and the remainder used as 
controls. Each sample was then homogenized and divided into three fractions 
by centrifuging. The histamine content of both particulate fractions and of 
the supernatant was decreased in the antigen-treated samples. Thus all the 
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fractions contributed to the release of histamine in anaphylaxis. This agrees 
with the findings of Copenhaver et al. (1953) with dog’s liver. 

Table 7 gives a balance sheet of three such experiments. The release of hista- 
mine by the antigen could not be attributed to a single fraction; each contri- 
buted although the fraction containing debris and nuclei seemed to contribute 
most. In Expts. (1) and (2) the difference between the quantity of histamine 


i __ Debris and nuclei Mitochondria Supernatant 
| 
02 

40 70 80 90 100 | 


Time (min) 
Fig. 4. . Fig. 5. 


Fig. 4. Release of histamine in anaphylaxis from minced guinea-pig lung; 54% of the histamine 
content of the tissue was released in 35 min (mean of two experiments). 


Fig. 5. Depletion of intracellular fractions when the intact tissue has been treated with antigen. 
Antigen-treated tissue in black; controls unshaded. 


TaBLE 7. Source of histamine released by antigen. The minced lung from sensitized guinea-pigs 
was treated with antigen, then homogenized and separated into three fractions: (1) debris and 
nuclei, (2) mitochondria and microsomes, (3) supernatant. The histamine release and histamine 
contents are expressed as a percentage of the total histamine found in the control samples 


Percentage of histamine 

Found in : 

Released from A 

minced tissue Fraction Fraction Fraction 

fragments 1 2 3 Loss 

Expt. 1. Control 5 30 25 40 — 
Antigen 30 13 13 20 24 
Expt. 2. Control 5 53 17 25 — 
Antigen 26 33 12 17 12 
Expt. 3. Control 6 52 16 26 _ 
Antigen 35 28 13 23 1 


extracted from the antigen-treated and the control tissues is not entirely 
accounted for by the histamine released. This is probably due to enzymic 
destruction of histamine in the course of release, as shown by Expt. (3) in which 
an inhibitor of histaminase (10-4 aminoguanidine) was added to the incubating 
solution. In this experiment the deficit in the histamine extracted from the 
tissue was accounted for by the histamine released by antigen. 
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Chopped tissue: the effect of particle size. With the chopper of Mcllwain & 
Buddle (1953) tissue particles in the shape of square rods of various cross- 
sections were obtained by slicing guinea-pig lung tissue in two planes at right 
angles and varying the distance between successive cuts. The histamine release 
by antigen from the rods was studied. A typical experiment is illustrated in 
Fig. 6. Tissue rods of 0-05 x 0-05, 0-15 x 0-15, 0-52 x 0-52 and 0-88 x 0-88 mm 
cross-section and 2-5 mm length were prepared. Their initial histamine content 
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Fig. 6. Fig. 7. 
Fig. 6. Rate of histamine release by antigen from rod-shaped particles of various cross-sections. 
Histamine release decreases as the rods become thinner. 


Fig. 7. Relation between thickness of rods and percentage of tissue histamine released by 
antigen in 1 hr. 


varied between 17 and 21yg/g. The resting level of histamine release prior 
to addition of antigen was slightly greater from the thinner rods; following 
addition of the antigen, however, the thick rods released much more histamine. 
Fig. 7 shows the relation between thickness of tissue rods and the percentage of 
tissue histamine released by antigen in 1 hr. It represents the pooled results of 
two experiments. When the cross-section of the rods was reduced to 50 x 50,, 
histamine release was greatly reduced. The reduction of histamine release is 
probably due to cell damage. With this degree of subdivision of the tissue a 
considerable number of individual cells are cut. These experiments thus 
support the conclusion that destruction of the integrity of the cell interferes 
with histamine release by antigen. 
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DISCUSSION 


The distribution of histamine between the various intracellular fractions of 
guinea-pig lung is similar to that in dog’s liver with the highest concentration 
in the mitochondrial fraction. The presence of mast cell granules in this fraction, 
as shown for rat subcutaneous tissue by Mota, Beraldo, Ferri & J unqueira 
(1954), is probably responsible for the high histamine content of this fraction, 

The main purpose of the experiments was to study the release of histamine 
from intracellular particles in anaphylaxis. We have found that histamine 
release from intracellular particles can be demonstrated only when the antigen 
is applied to intact cells, not when it is added to the isolated intracellular 
particles. The typical histamine-releasing organic bases, however, act equally 
well on intact cells and cell homogenates. 

The release of histamine following application of antigen to a sensitized 
tissue has been investigated during successive stages of tissue disintegration. 
When minced or chopped tissue was used the antigen proved highly active, 
provided that the particle size was large compared with the size of individual 
cells. When a stage was reached in which the particle size reached that of a few 
cell diameters (50) the activity of antigen declined sharply. The antigen 
retained a slight activity on unfractionated cell homogenates, but on separated 
suspensions of intracellular particles of either lung or spleen it was completely 
inactive. Intracellular particles that had been sensitized passively by incuba- 
tion with a preparation of polysaccharide antibody also failed to release hista- 
mine with antigen. 

An explanation for the failure of the antigen to release histamine from 
isolated intracellular particles must await further knowledge of the mechanism 
by which histamine is released from intact cells in anaphylaxis. There is little 
information on the intracellular location of antibody, and it cannot be decided 
on the available evidence whether the absence of histamine release from 
isolated intracellular particles is due to interference with the antigen-antibody 
reaction or with a later step in the process of histamine release. 

With regard to the location of antibody, the following alternatives exist: 

(1) Antibody is present entirely on the cell surface. In this case the release 
of histamine from mitochondrial and other intracellular fractions when the 
antigen is added to intact sensitized cells must be due to a secondary reaction 
consequent upon the antigen-antibody reaction on the cell surface. This reac- 
tion may require the structural integrity of the cell; hence the failure to obtain 
appreciable release from cell homogenates even when all the original cell 
constituents are present. 

(2) Intracellular particles contain antibody. In this case the antigen-anti- 
body reaction can presumably take place in isolated intracellular particles, but 
no histamine is released owing to the failure of a further reaction step. Indirect 
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evidence of the presence of intracellular antibody is provided by the work of 
Haurowitz (1953) and Coons (1953) with "I, labelled and fluorescein-tagged 
protein. These workers have shown that intravenously injected antigen pene- 
trates rapidly into the interior of various types of cells and accumulates in the 
mitochondrial and nuclear fractions where it presumably forms antibody. 
Haurowitz has suggested that the macromolecules of antigen are ingested by 
phagocytosis. 

With regard to the mechanism of histamine release in anaphylaxis, all that is 
known with certainty is that it is initiated by the antigen-antibody reaction. 
This is presumably only one of a series of reaction steps leading to the release 
of histamine. These reaction steps have not yet been elucidated. It has been 
suggested that proteolytic enzymes are involved at some stage since histamine 
release is generally accompanied by increased proteolytic activity (Ungar, 
1953). We have recently obtained evidence that an energy-requiring process is 
involved in histamine release in anaphylaxis (Mongar & Schild, 1955). It was 
found that oxygen lack and metabolic inhibitors such as iodo-acetate blocked 
the release of histamine from guinea-pig lung in anaphylaxis. By contrast, 
these same agents were found to potentiate histamine release by octylamine 
and 48/80. It is conceivable that cell disintegration and metabolic inhibition 
both tend to interfere with the energetic process required for histamine release 
in anaphylaxis without interfering with the release of histamine by organic 
bases which does not require the provision of energy. 


SUMMARY 

1. When guinea-pig lung is homogenized in cold sucrose solution, about 
70% of the tissue histamine is retained in the particulate matter. The highest 
concentration of histamine is present in the mitochondrial fraction. The 
histamine-containing particles are unstable and readily give up histamine to 
the surrounding fluid; their stability is greater in sucrose than in Tyrode solu- 
tion. The loss of histamine from the particulate matter cannot be repressed by 
adding histamine to the surrounding fluid; there is no evidence that the process 
is reversible. 

2. Histamine-releasing organic bases act equally well on suspensions of 
intracellular particles and on intact cells, but no appreciable histamine release 
was obtained by adding antigen to suspensions of intracellular particles from 
sensitized tissues. But when the antigen was added to sensitized tissue in 
which the cell structure was left intact, all the intracellular fractions became 
depleted of histamine. Thus integrity of cell structure appears to be necessary 
for histamine release in anaphylaxis. 


This work was aided by a grant from the Asthma Research Council. 
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THE EFFECTS OF STIMULATION OF THE CAROTID SINUS 
BARORECEPTORS UPON THE PULMONARY ARTERIAL 
BLOOD PRESSURE IN THE DOG 


By M. pe BURGH DALY* anp tHe Late A. SCHWEITZER 
From the Department of Physiology, University College, London, W.C. | 


(Received 19 July 1955) 


Compared with the vast literature on the effects of sino-aortic reflexes upon | 
the systemic circulation, few observations have been made on the haemo-~ YG) 
dynamic events occurring in the pulmonary circulation. riot 

Schafer (1920) made the first observations using vagotomized rabbits 
breathing spontaneously. He found that electrical or mechanical stimulation 
of the aortic (depressor) nerve caused a fall in pulmonary arterial pressure 
which was followed by an after-rise above the initial level on cessation of the 
stimulus. Other workers have stimulated the central end of the vagus nerve 
in the dog and have usually obtained a rise in pulmonary arterial pressure 
(Lichtheim, 1876; Bradford & Dean, 1889, 1894; Wood, 1902; Weber, 1911). 
The participation of reflex effects resulting from stimulation of afferent fibres 
other than those from baroreceptors in the aortic arch cannot, however, be 
ruled out in these experiments. 

The results obtained from reflexes elicited from the carotid sinus have been ff 
varied. In the dog, electrical stimulation of the carotid sinus nerve or an 
increase in pressure in the isolated perfused carotid sinus caused a fall in both 
systemic and pulmonary arterial pressures which persisted after section of both 
vagus nerves (Tournade & Malméjac, 1932; Burstein, 1946). On the other 
hand, Miguel, Mora & Vina (1946) found that distension of the carotid sinus 
with a balloon had no effect on the pulmonary arterial pressure, although a 
systemic hypotension occurred. Stimulation of the baroreceptors produced ‘| 
by traction on the common carotid artery was without perceptible effect in | 

the cat (Euler & Liljestrand, 1946). Condorelli (1952) stimulated by com- 

4 pression the same receptors in man, and found it had no effect on the pulmonary 
i arterial pressure despite a fall in systemic blood pressure. 

The effects of decreasing the normal baroreceptor discharge have also been 

investigated by a number of workers. In the dog, occlusion of the common 
* Locke Research Fellow of the Royal Society. 
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carotid arteries or a fall in carotid sinus perfusion pressure caused a rise in 
pulmonary arterial pressure (Burstein, 1946; Leusen, Demeester & Bouckaert, 
1954) or was without effect (Aviado, Cerletti, Alanis, Bulle & Schmidt, 1952; 
Condorelli, 1952). Weissel, Auinger, Kaindl & Salzmann (1952), on the other 
hand, found that although carotid occlusion did not modify the pulmonary 
arterial pressure in the anaesthetized dog it regularly caused a rise in pressure 
in the unanaesthetized animal. According to Euler & Liljestrand (1946) and 
Logaras (1947) occlusion of the common carotid arteries in the cat has 
little effect on the pulmonary arterial pressure. Charlier & Philippot (1947), 
measuring Changes in right ventricular pressure, found that carotid occlusion 
caused @ rise in the mean pressure. 

With regard to the mechanism by which sino-aortic reflexes affect the 
pulmonary circulation, Schafer (1920) considered that the pressure changes 
were brought about as a result of two antagonistic effects: an increase in 
venous return to the right heart through dilatation of the systemic blood 
vessels which was more than compensated for by dilatation of the pulmonary 
vessels. No experimental evidence was put forward in support of this inter- 
pretation of his results by measurement of either the alterations in cardiac 
output or the changes in pulmonary vascular resistance under controlled 
conditions. Wiggers (1921) also questioned his interpretation on the grounds 
that no controlled measurements of left or right atrial pressure were 
made. 

Leusen et al. (1954), on the other hand, found that lowering the intrasinusal 
pressure resulted in an increase in cardiac output as determined by Stewart’s 
dye dilution method. On the basis of the values obtained for calculated 
pulmonary vascular resistance, they concluded that the response of the 
pulmonary circulation was largely passive. They do not appear to have 
measured, left atrial pressure, so that the validity of their values for the 


calculated pulmonary vascular resistance must be questioned. 


From the foregoing review of the literature, it is evident that there is no 
general agreement as to the extent to which sino-aortic reflexes affect the 
pulmonary circulation and still less on the haemodynamic events responsible 
for the effects. We have therefore made a study of the effects on the pulmonary 
arterial pressure of reflexes initiated from the baroreceptors of the carotid 
sinus. In order to exclude haemodynamic changes through concomitant reflex 
effects on respiration (Heymans, Bouckaert & Regniers, 1933), the experiments 
have been carried out on dogs with bilateral open pneumothorax. 

In the first part of this paper, we describe experiments which confirm that 
the pulmonary arterial pressure is modified reflexly by stimulation of the 
carotid sinus baroreceptors. A preliminary attempt to evaluate some of the 
underlying mechanisms involved in these responses has also been made: this 
forms the second part of this paper. 
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METHODS 


Dogs, varying in weight from 6-5 to 20-75 kg, were anaesthetized with either chloralose (0-1 g/kg 
body weight, intravenously) following premedication with morphine hydrochloride (1-2 mg/kg, 
subcutaneously), or sodium pentobarbitone (Nembutal) (40-45 mg/kg body weight, intra- 
peritoneally). 

The carotid sinus nerves were prepared for stimulation using an approach similar to that 
described by Euler, Liljestrand & Zotterman (1939). Small shielded platinum wire electrodes 
mounted in Perspex were used for stimulation. A square wave electronic stimulator, which allowed 
independent control of the voltage, frequency and the pulse duration of the stimulus, was used. 

In some experiments, both carotid sinuses were isolated from the general circulation and per- 
fused with heparinized dog blood by means of a Dale & Schuster (1928) pump. The technique 
employed was similar to that described by Heymans & Bouckaert (1930a). The pressure in the 
sinus was recorded with a mercury manometer connected to a side-arm of the inflow tubing. The 
blood was equilibrated with 95% O, and 5% CO, in a Hooker (1915) and Drinker, Drinker & Lund 
(1922) type of oxygenator in the perfusion circuit. 

In all experiments, the animals were artificially ventilated by means of a Starling ‘Ideal’ pump 
and the chest was opened usually through an incision in the fourth rib interspace on the left side 
or occasionally in the mid-sternal line. The pulmonary arterial pressure was measured from a 
cannula inserted into the branch of the pulmonary artery supplying the left lower lung lobe; 
either an end-cannula or a T-cannula was inserted into the artery. The latter type of cannula did 
not permanently interrupt the pulmonary blood supply to the lung lobe. No differences in the 
responses of the pulmonary arterial pressure were seen when these two methods were used. The 
mean pressure was measured with a small rubber tambour which was calibrated at the end of each 
experiment with a vertical saline manometer. A cannula was inserted into the left atrium through 
the auricular appendix, and the pressure measured with a vertical saline manometer, the open end 
of which was connected to a small volume recorder. The same mcthod was used for measuring 
right atrial pressure, a cannula being inserted into the right atrium either directly through the 
auricular appendix or via the right external jugular vein. The zero reference points for the pul- 
monary artery and atrial pressures were taken from the level of the tips of the respective 
cannulae. Systemic blood pressure was recorded from the femoral artery with a mercury mano- 
meter. A continuous record of heart rate was made using the method of Daly & Schweitzer (1950) 
with « Gaddum drop timer (Gaddum & Kwiatkowski, 1938). 

Changes in resistance to lung inflation were measured in some experiments by the method of 
Konzett & Réssler (1940), using a constant positive inflationary pressure which varied in different 
experiments between 8 and 14 cm water. The ventilation overflow volume, or the volume of air 
spilling over the constant pressure device, was measured with a piston recorder. 

All animals were given heparin (*Liquemin’, Roche Products Ltd., 7-6 mg/kg) to render the 
blood incoagulable. 

Nerve sections. Two experiments involving degenerative section of the upper part of the thoracic 
sympathetic chains were carried out under sodium pentobarbitone (Nembutal) anaesthesia 
(40 mg/kg body weight, intravenously) with full aseptic precautions. The stellate ganglion and 
sympathetic chain as far as T6 were removed on one side, followed 1 week later by a similar 
operation on the other side. The two animals were killed 27 and 28 days respectively after the 
first operation. 

RESULTS 
Effect of occlusion of the common carotid arteries 

The effect of bilateral occlusion of the common carotid arteries was tested 
in nineteen experiments. The results are summarized in Table 1. In thirty 
tests in eleven experiments, a rise in pulmonary arterial pressure resulted. 
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The response was accompanied by a rise in systemic blood pressure and an 
increase in heart rate (Figs. 1 and 2A). In one experiment, occlusion of the 
common carotid arteries caused a fall in pulmonary arterial pressure in four 
consecutive tests; in the remaining seven experiments no effect was observed, 
despite a rise in systemic blood pressure. 

The reflex rise in pulmonary arterial pressure varied from 0-5 to 3-0 cm 
saline. These figures relate to the immediate effect, for in some instances the 
response was poorly maintained and showed a gradual decline to its original 
level. If the cervical vagosympathetic nerves were cut, then the response to 
carotid occlusion was enhanced and less recovery took place. 


Tasie l. The effect of bilateral common carotid occlusion, of electrical stimulation of the carotid 
sinus nerve, and of increasing the carotid sinus pressure, upon the pulmonary arterial blood 


pressure 
Fall followed No 
Test Rise only Fall only by after-rise response 
Common carotid occlusion 11 (30) 1 (4) as 7 (17) 
Carotid sinus nerve 
stimulation (L) 4 (10) 6 (30) 
(R) --- 11 (37) 29 (186) 2 (2) 
Total — 15 (47) 35 (216) 2 (2) 
Intrasinusual pressure 3 (13) 
increase 


The open figures indicate number of experiments, those in parentheses the number of individual 
tests. 
L=left side; R =right side. 


Releasing the clamps on the common carotid arteries caused the pulmonary 
arterial pressure to return to its original level if it had not already done so. 
Occasionally, this was preceded by a considerable fall in pulmonary arterial 
pressure which was accompanied by a bradycardia. This effect was only 
momentary and probably due to a sudden reduction in cardiac output re- 
sulting from slowing of the heart rate in consequence of the sudden distension 
of the carotid sinuses. 

The effects of carotid occlusion on the atrial pressures varied from one 
experiment to another. The left atrial pressure either increased (two experi- 
ments), decreased (three experiments) or rose slightly and then fell (three 
experiments). In only one case did the change in pressure amount to more than 
1-0 cm saline. The right atrial pressure changes were usually in the same 
direction as those in the left atrium, although their size was often smaller. 
Heymans & Bouckaert (19306) observed a fall in right atrial pressure in 
preparations ventilated artificially. 

Comparison of the pressure changes shows that those occurring in the 
pulmonary artery were nearly always greater than those in the left atrium and 
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often in the opposite direction, indicating an increase in pressure gradient 
across the lungs. 

Section of the carotid sinus nerves abolished the effects of carotid occlusion 
on both the systemic and pulmonary arterial blood pressures. 


Fig. 1. Dog, 2, 9 kg. Chloralose. Positive pressure ventilation. Two responses to occlusion and 
release of both common carotid arteries. In this and in subsequent figures: L.a.P. =left 
atrial pressure; R.A.P.=right atrial pressure; P.a.P.<pulmonary arterial pressure; 
B.P.=systemic blood pressure; H.R.=heart rate; v.0.v.=ventilation overflow volume; 
c.s.P. = carotid sinus perfusion pressure. 


Effect of section of the carotid sinus nerves. A rise in pulmonary arterial 
pressure and in the pressure gradient across the lungs invariably occurred on 
section of one or both carotid sinus nerves. Records from such experiments are 
shown in Figs. 2B, C and 4d. On the whole, the increase in pulmonary 
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arterial pressure in response to section of one carotid sinus nerve was 
greater if the contralateral sinus was denervated or both cervical vago- 
sympathetic nerves were cut. This is evident from a comparison of the effects 


Fig. 2. Dog, 3, 10-4kg. Morphine-chloralose. Positive pressure ventilation. In A, occlusion and 
release of both common carotid arteries. In B, section of the right carotid sinus nerve. Both 
cervical vagosympathetic nerves were then cut between B and C. In C, the left carotid sinus 
herve was cut, 


produced in Fig. 2B and C. In a few instances, the pressure gradually 
declined again to its original level despite the systemic blood pressure being 
maintained at its new value (Fig. 4d). 
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Effects of electrical stimulation of the carotid sinus nerve 

The range of electrical stimuli used in this investigation was 1-8 V, 
0-05-1-0 msec pulse duration and 50-100 c/s. The results of thirty-eight experi- 
ments in which the effects of stimulation of the carotid sinus nerve were 
observed upon the pulmonary arterial pressure are summarized in Table 1. 
Two types of response were seen: first, stimulation of the carotid sinus nerve 
caused a fall in pulmonary arterial pressure which was followed by a return 
to its original level on cessation of the stimulus. This type of effect was 
observed in forty-seven tests in fifteen experiments. The second type occurred 
more frequently and consisted of a fall in pressure during the period of 
stimulation followed by an increase above the original level on cessation of the 
stimulus (216 tests in thirty-five experiments). This latter component will be 
termed the after-rise. After a short period of time, the pressure returned to its 
original level, although occasionally this was preceded by a secondary fall. 
No effect was observed in two experiments; both types of response were 
present in fourteen. The after-rise was more evident in preparations under 
chloralose than under Nembutal anaesthesia. Typical responses of the second 
type are shown in Figs. 3 and 5, 12.23 p.m. 

In all preparations, the fall in pulmonary arterial pressure produced by 
sinus nerve stimulation was accompanied by a fall in systemic blood pressure 
and slowing of the heart. Cessation of the stimulus caused, in some instances, 
a small after-rise in systemic blood pressure coincident with the after-rise in 
pulmonary arterial pressure. The heart-rate changes during this period were 
as follows, As the systemic blood pressure was increasing, the rate increased 
to a value exceeding the control figure. Then, when the systemic and pulmonary 
arterial blood pressures reached their maxima, a secondary bradycardia 
occurred which was accompanied by a gradual return of the two pressures to 
their original levels. Responses of this type can be seen in Fig. 3a, b and also 
in Fig. 4a in which reflexes were elicited by changes in carotid sinus pressure. 
The secondary bradycardia was probably caused reflexly by the after-rise in 
systemic blood pressure. It must be pointed out, however, that these changes 
in heart rate occurring on cessation of the stimulus were usually observed only 
when the initial heart rate was slow (below about 120 beats/min) and when, 
presumably, the degree ‘of vagal restraint was high. They were less evident 
when initial heart rates were higher than this and were rarely seen in pre- 
parations under Nembutal anaesthesia in which the resting heart rate is of 
the order of 160 beats/min. In these preparations, the slowing of the heart 
caused by stimulation of the carotid sinus nerve was followed by a return to 
its initial level on stopping the stimulus. 

The size of the pulmonary arterial pressure response depended on the strength 
of the electrical stimulus applied to the carotid sinus nerve. A weak stimulus 
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sufficient to cause a small fall in systemic blood pressure usually had no effect 
on the pulmonary arterial pressure, whereas stronger stimuli caused increasing 
depressor responses in both pressures. Reductions in mean pressure up to 
6cm saline and after-rises up to 5cm saline were observed representing a 
change of 27 and 21% respectively of the control pulmonary arterial pressure. 


& an 4 a 


sec 717 


Fig. 3. Dog, 3, 16-6 kg. Chloralose. Decamethonium 15 mg intravenously. Two stimulations of 
the right carotid sinus nerve, 3 V, 0-5 msec, 50 c/s. 


In the presence of a profound bradycardia, the pulmonary arterial pressure 
fell precipitously. This was largely the result of an increase in vagal tone, for 
after an injection of atropine, the bradycardia was considerably reduced; the 
fall in pulmonary arterial pressure was also diminished, but nevertheless a 
sizeable response still remained. 


When the electrical stimulation applied to the carotid sinus nerve was 
15-2 
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prolonged, the initial fall in pulmonary arterial pressure might be followed by 
a gradual recovery, sometimes to its original level. Such a response was 
shown in the experiment from which Fig. 3a is taken. It will also be noted 
that there was some recovery of the level of the systemic blood pressure and 
complete recovery of the heart rate before cessation of the stimulus. This 
effect on the systemic circulation was due largely to the buffering action of the 
baroreceptors in the contralateral carotid sinus and arch of the aorta. This 
was probably also the cause of the compensation in the pulmonary arterial 
pressure, because after section of the contralateral carotid sinus nerve, the 
depressor response was increased and less recovery occurred. 

It is known that an alteration in the amount of adrenaline secreted from the 
suprarenal glands can be brought about by carotid sinus nerve stimulation or 
by changes in carotid sinus pressure (Heymans, 1928; Aomura, 1930). It was 
necessary, therefore, to find out whether this was responsible for the observed 
pulmonary arterial pressure effects. In two experiments the adrenal glands 
were removed. It was found that the fall and after-rise in pulmonary arterial 
pressure still occurred, so it is apparent that the effects were not entirely 
dependent upon the reflex alteration in the secretion of adrenaline. 

It was often found that stimulation of the carotid sinus nerve was accom- 
panied by respiratory efforts consisting of rhythmical movements of the ribs 
and abdominal muscles, presumably through excitation of chemoreceptor 
fibres in the nerve. In several experiments, these movements were recorded 
on the kymograph by levers connected with thread to the ribs or anterior 
abdominal wall. No constant relationship was found between these movements 
and the pulmonary arterial pressure effects. Moreover, the latter were not 
greatly modified, except in one instance, by decamethonium iodide (*Eulissin 
A’, Allen and Hanburys Ltd) in a dose (usually 0-75 mg/kg) sufficient to abolish 
all such movements. In this one case, there was a slight fall in pulmonary 
arterial pressure followed by a considerable rise above the control level co- 
incident with the onset of marked respiratory efforts. After an injection of 
decamethonium, carotid sinus nerve stimulation caused only a fall in pulmonary 
arterial pressure with no evidence of any respiratory efforts. It would seem 
probable that contractions of the abdominal muscles assisted venous return 
and caused the rise in pulmonary arterial pressure by increasing the right 
ventricular output. Manual compression of the abdomen produced the same 
effect. 

Effect on atrial pressures. When stimulation of the caro inus nerve 
caused only a small degree of cardiac slowing, there was usually a fall in left 
atrial pressure which gradually returned to its original level. On cessation 
of the stimulus, there was a rise in pressure coincident with the after-rise in 
pulmonary arterial pressure; on other occasions, it simply returned to its 
original level. When slowing of the heart was considerable, the initial response 
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was a rise in left atrial pressure. The changes in pressure rarely exceeded 
1-1-5 cm saline except in tests in which slowing of the heart rate was profound. 

The effects on the right atrial pressure were, on the whole, smaller than 
those occurring in the left atrium. During stimulation of the carotid sinus 
nerve, the pressure decreased, increased or did not change. A rise in pressure 
usually occurred when slowing of the heart rate was considerable. Except in 
the last instance, cessation of the stimulus was usually followed by a slight 
rise in right atrial pressure. 

These findings were obtained from over two hundred tests made on dogs 
with open chest. In general, there was considerable variability in the responses 
of the atrial pressures, in particular, of the left atrial pressure. Never- 
theless, the changes were small compared with those occurring in the pulmonary 
artery. The pressure gradient across the lungs (mean pulmonary arterial 
pressure minus mean left atrial pressure) occurring as a result of carotid 
sinus nerve stimulation invariably fell during the period of stimulation, and 
increased above the initial level after stopping the stimulus. 


The effects of altering the carotid sinus pressure wpon the 
pulmonary arterial blood pressure 

In dogs under chloralose anaesthesia, both carotid sinuses were isolated from 
the general circulation and perfused with heparinized dog blood. In three 
experiments, summarized in Tables 1 and 2, it was found that a rise in intra- 
sinusal pressure caused a fall in systemie blood pressure, bradycardia and a 
fall in pulmonary arterial pressure. Lowering the intrasinusal pressure to its 
original level was followed by an after-rise in pulmonary arterial pressure 
similar to that observed following carotid sinus nerve stimulation. In some 
instances, there was also an after-rise in systemic blood pressure and an 
acceleration of the heart rate above the control rate (Table 2). These effects 
are illustrated by the experiment shown in Fig. 4a. It will be noted that the 
fall in pulmonary arterial pressure of 3 cm saline (12°) was accompanied by 
a rise in left atrial pressure of 0-7 cm saline. The pressure gradient across 
the lungs was therefore reduced. This occurred in nine tests in two experiments 
in which the left atrial pressure was measured (Table 2). The after-rise in 
pulmonary arterial pressure was accompanied by an increase in the pressure 
gradient across the lungs (Table 2). 

The pulmonary arterial pressure responses to altering the carotid sinus 
pressure were found to bear no consistent relationship to the changes in 
ventilation overflow volume (see also Fig. 5). In two of the experiments an 
increase in ventilation overflow volume occurred which was abolished by 
atropine (Daly & Schweitzer, 1951). A slight decrease in ventilation overflow 
volume was then apparent in one of the experiments and was probably un- 
related to changes in bronchomotor tone as it persisted after atropine. It may 
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have been due to blood volume changes in the lungs. All the circulatory effects 
of altering the carotid sinus pressure were abolished by section of the carotid 
sinus nerves. 


Tape 2. Perfusion of both carotid sinuses isolated from the general circulation. 


Effect of raising the carotid sinus pressure upon blood pressure, heart rate, pulmonary arterial 
pressure, left atrial pressure and pressure gradient across the lungs. C and £ are the control 
and experimental states respectively. A refers to the immediate after-effect on lowering the 
carotid sinus pressure again. ee 


Expt. no A C A C A C A 
23a 154 100 165 —- — — 2524 2 25 26 28 23 21-4 26-2 
b 148 92 158 — — ~— 2 235 285 2-7 2:7 30 23:3 20-8 25:5 
c 140 94160 —- — — 27 2 205 30 3-1 3:2 24 209 26:3 
d 140 100 170 — — — 2 255 3i 30 33 33 25 22-2 27-7 

e 145 90 154 —- — — 215 205 24 31 3-2 3-2 184 17-3 20-8 
Mean 1456 95 161 --. — — 266 23-5 28:4 2-9 30 3:1 22:7 20:5 25-3 

37a 115 45 130 175 140 176 23 20-5 26 —-—_— oo 
b 130 55 145 160 138 160 22 21 25 
135 62 152 160 140 165 225 21 25 
d 140 701500 — — — 2617 45 —- — 
Mean 130 58 144 165 139 167 22-2 199 261 -—- — 

40a 108 45 120 150 100 160 27 245 29 50 52 50 22 193 24 
b 115 55 136 147 96 160 25-8 23:2 285 45 50 48 21-3 18-2 23-7 

c 125 60 140 160 100 178 25 22 275 44 51 49 20-6 16-9 22-6 
d 125 50 120 155 82 150 27 23 285 44 47 48 22-6 183 23-7 
Mean 118 52 129 153 94 162 26:2 23:2 28-4 46 50 49 21-6 18-2 23-5 


Evidence has recently been obtained favouring the view that changes in 
carotid sinus pressure may modify the activity of the carotid body chemo- 
receptors by altering their rate of blood flow (Daly, Lambertsen & Schweitzer, 
1954). The possibility that this was the mechanism in experiments involving 
perfusion of the carotid sinuses was excluded in two of them in which the 
chemoreceptors were found to be inactive, Injection of sodium cyanide into 
the perfusion inflow tubing had no effect on either the circulation or on move- 
ments of the ribs. The carotid bodies must have been damaged during pre- 
paration of the carotid sinuses, probably by interfering with their blood supply 
(Chungcharoen, Daly & Schweitzer, 1952). 

These experiments show, therefore, that stimulation of baroreceptors, by 
increasing the carotid sinus perfusion pressure, causes a fall in pulmonary 
arterial pressure; lowering the pressure to its original level is accompanied by 
an after-rise in pulmonary arterial pressure. The responses to carotid sinus 
nerve stimulation reported in the previous section of this paper were, there- 
fore, primarily the result of stimulation of baroreceptor fibres in this nerve. 
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In an attempt to analyse further the mechanism of the reflex changes in 
pulmonary arterial pressure, the effects of atropine and of section of the 
efferent nerves innervating the lungs were investigated. These results will now 
be described. 


Fig. 4. Dog, 9, 9 kg. Chloralose. Positive pressure ventilation. Both carotid sinuses isolated 
from the general circulation and perfused with heparinized dog blood. a, b and ¢ show the 
effect of altering the intrasinusal pressure. Between a and b, atropine, 3 mg intravenously. 
Between b and ¢, both cervical vagosympathetic nerves sectioned. In d, the left carotid sinus 
nerve was sectioned. 


Effect of atropine, vagotomy and thoracic sympathectomy upon 
the reflex pulmonary arterial pressure responses 
Effect of atropine. The effect of atropine upon the pulmonary arterial 
pressure response to carotid sinus nerve stimulation was tested in seventeen 
experiments. In those tests in which the initial response was a fall in pressure 
followed by an after-rise, neither component was appreciably affected. A 
similar result occurred in two experiments in which the effect before atropini- 
zation was a simple fall in pulmonary arterial pressure. The slowing of the 
heart rate was not large in these tests, but was nevertheless considerably 
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reduced after atropine. The persistence of some slowing is due to a reflex 
decrease of sympathetic tone (Hering, 1927; Bronk, Ferguson & Solandt, 1934). 

In those tests in which a stronger stimulus was used, the slowing of the heart 
rate was considerable, and only a pulmonary arterial depressor response was 
usually observed. After atropine the same stimulus caused only a slight 
bradycardia and a smaller fall in mean pulmonary arterial pressure. An 
after-rise in pressure, however, now appeared. 

In three experiments in which the carotid sinuses were isolated and perfused, 
atropine had little effect on the fall in pulmonary arterial pressure produced 
by raising the carotid sinus pressure; the after-rise was slightly reduced 
(Fig. 46). 

it is concluded therefore that so long as the changes in heart rate are not 
considerable, atropine has little effect on the pulmonary arterial pressure 
responses to carotid sinus baroreceptor stimulation. 

Effect of vagotomy. Tournade & Malméjac (1932) found that the fall in 
pulmonary arterial pressure on stimulation of the carotid sinus nerve or on 
raising the carotid sinus perfusion pressure persisted after section of both 
vagus nerves. Our findings, which are summarized in Table 3, confirm their 
results. 

In all twelve experiments in which carotid sinus nerve stimulation caused a 
fall in pulmonary arterial pressure, a similar response occurred after section 
of both cervical vagosympathetic nerves (Table 3a); the after-rise, present 
initially in nine experiments, was still apparent in seven of them. There were, 
however, quantitative changes in the responses. The usual effect was that 
shown in Fig. 5, 12.23 and 12.30 p.m. The depressor response during the 
period of stimulation is increased, but. the height of the after-rise is slightly 
reduced. Since section of the contralateral carotid sinus nerve also potentiates 
the pulmonary arterial depressor response, it is probable that the increased 
fall in pulmonary arterial pressure after vagotomy was due to abolition of the 
compensatory effect of the aortic nerves. 

In the experiment involving bilateral perfusion of the carotid sinuses, the 
results of which are summarized in Table 36, the reflex fall in pulmonary 
arterial pressure persisted after section of both cervical vagosympathetic 
nerves, although the after-rise was practically abolished (Fig. 4c). In one 
other experiment in which only one carotid sinus was perfused, both the 
pulmonary arterial depressor response and the after-rise persisted following 
vagotomy, although the latter was somewhat reduced. The significance of 
these results will be discussed below. 

Effect of vagotomy and thoracic sympathectomy. Schafer (1920) suggested that 
the fall in pulmonary arterial pressure on aortic (depressor) nerve stimulation 
was due to pulmonary vasodilatation. We were therefore interested to find out 
whether the fall in pulmonary arterial pressure in our experiments would still 
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occur after denervation of the lungs had excluded pulmonary vasomotor 
changes of nervous origin. 

In a small number of experiments made on dogs with open chest under a 
artificial respiration, both cervical vagosympathetic, recurrent laryngeal and q 
phrenic nerves were cut and then the lungs were totally denervated by section 4 
of the sympathetic nerves. Those cut were the rami communicantes, T1-T5, 
the vertebral nerve and sympathetic chain below the level of T5 on both sides. 


12.23 p.m. 

Fiz. 5. Dog, 2,8 kg. Chloralose. Constant positive pressure ventilation. Respiration pump stroke, 
180 ml. Both recurrent laryngeal and phrenic nerves cut. At 12.23, 12.30 and 12.46 p.m., 
stimulation of the right carotid sinus nerve, 2 V, 0-5 msec, 50 c/s. Both cervical vago- 
sympathetic nerves were sectioned at 12.26, and both stellate ganglia and sympathetic chains 
down to T5 were excised at 12.41. At 12.53, stimulation of the right carotid sinus nerve, 
5 V, 0-5 msec, 50 o/s. 
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In two of the five experiments, the stellate ganglia and sympathetic chains 
as far as and including ganglia of T5 were excised. 

In four vagotomized preparations in which stimulation of the carotid sinus 
nerve caused a fall in pulmonary arterial pressure, the response persisted after 
total denervation of the lungs although it was reduced in size (Fig. 5, 12.46 
and 12.53 p.m., and Table 3), The after-rise in two of them in which it was 
present initially was considerably reduced after total denervation of the lungs. 
In the fifth experiment, no response occurred during the period of stimulation 
although the after-rise was still present. 


TaBLe 3. The effect of section of the cervical vagosympathetic nerves and of upper thoracic 
sympathectomy upon the pulmonary arterial blood pressure response to a, stimulation of the 
carotid sinus nerve and }, raising the carotid sinus pressure. The figures denote the number 
of experiments in which each response occurred 


After cervical 
vago- 
pathectomy 
After cervical and thoracic 
Initial response vagosympathectomy sympathectomy 
No. of _ After. After. After. 
expts. Fall rise Fall rise Fall Remarks 
(a) 1 1 0 0 
3 3 3 3 l 
2 2 2 2 2 — — Atropinized 
3 3 3 3 3 2 3 — 
2 2 0 2 0 2 0 
1* 1 1 1 l — — Adrenalectomized 
(b) 2 2 2 2 0 — — Atropinized 
1* 1 1 1 1 — — Adrenalectomized. 


* Chronic upper thoracic sympathectomy. For details, see text. 


After vagotomy and upper thoracic sympathectomy, the right atrial 
pressure did not change on sinus nerve stimulation in two experiments; the 
left atrial pressure fell in three cases, the response being smaller than that 
of the pulmonary arterial pressure. The slowing of the heart rate on stimula- 
tion of the carotid sinus nerve was completely abolished in all experiments; 
in one of them, however, cardiac acceleration accompanied by a secondary fall 
in left atrial pressure occurred on cessation of the stimulus. 

These experiments were not considered entirely satisfactory for two reasons. 
After bilateral vagotomy, the procedure of sympathectomy was usually 
accompanied by a persistent fall in systemic blood pressure. Secondly, the 
fact that the adrenal glands were intact might have accounted for the after- 
rise in pulmonary arterial pressure either by affecting cardiac output or by a 
direct action on the pulmonary blood vessels. 

The upper thoracic sympathetic chains down to T5 or T6 were therefore 
excised at previous operations in two dogs. Then at the acute experiment, 
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both cervical vagosympathetic, recurrent laryngeal and phrenic nerves were 
cut and the adrenal glands removed. The carotid sinus nerve was stimulated 
in one of the experiments; in the other, one carotid sinus was isolated and 
perfused. In both experiments, the pulmonary arterial pressure (and pressure 
gradient across the lungs) fell during the period of stimulation and was 
followed by an after-rise on cessation of the stimulus. Section of both carotid 
sinus nerves caused @ rise in both systemic and pulmonary arterial pressures 
(Fig. 6). As would be expected, none of these responses was accompanied by 


Fig. 6. Dog, 3, 12:1 kg. Morphine-chloralose. The stellate ganglion and sympathetic chain down 
to T5 excised on both sides 21 and 27 days previously. Both cervical vagosympathetic, 
recurrent laryngeal and phrenic nerves cut. Bilateral adrenalectomy. At signal, both carotid 
sinus nerves were sectioned. 
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any change in heart rate. Similar results have been obtained in dogs in which 
the sympathetic chains were removed down to T10 (to be published). 

These results show therefore that after complete denervation of the heart 
and lungs, stimulation of the carotid sinus baroreceptors still causes a pul- 
monary arterial depressor response. 


DISCUSSION 


Our results show that electrical stimulation of the carotid sinus nerve or 
stimulation of the baroreceptors by raising the pressure in the isolated perfused 
carotid sinus causes a fall in systemic blood pressure, bradycardia and a fall 
in pulmonary arterial pressure; an after-rise in pulmonary arterial pressure 
usually occurs on cessation of the stimulus. These responses are similar to 
those obtained by Schafer (1920) who stimulated the aortic nerve in the 
rabbit. 

It was frequently found that if the stimulus to the carotid sinus nerve or the 
raised intrasinusal pressure was prolonged for more than about 1 min, the 
pulmonary arterial pressure gradually recovered, in some instances to almost 
its original level. This depressor response was, however, better maintained if 
the nerves supplying the vasosensory zones not under test were cut. As is well 
known, some compensation also occurs in the systemic blood pressure on 
raising the carotid sinus pressure and this too is diminished after section of the 
other sino-aortic nerves (Hering, 1927). 

The after-rise in pulmonary arterial pressure occurs independently of a 
similar response in the systemic blood pressure. The evidence presented suggests 
that it is an over-compensatory phenomenon mediated from the vasosensory 
areas of the carotid sinus and aortic arch, for it was diminished by section of 
either the contralateral carotid sinus nerve or both cervical vagosympathetic 
nerves. The effect of vagotomy on the after-rise was not related to changing 
responses of the heart rate, because it occurred in atropinized preparations. 
The similarity of the effects on the after-rise in pulmonary arterial pressure of 
denervation of the contralateral carotid sinus, on the one hand, and of section 
of the cervical vagosympathetic nerves, on the other, suggests that loss of 
continuity of the aortic nerves is largely responsible for the effect of vagotomy. 
We have not, however, carried out the crucial experiment of testing the 
response before and after sectioning the aortic nerves alone which, in our 
experience, are difficult to identify with certainty in the cervical region in the 
dog. 

One further point should be mentioned. In experiments in which responses 
were elicited by changes in carotid sinus pressure, the after-rise in pulmonary 
arterial pressure was abolished by section of both cervical vagosympathetic 
nerves. These results are not thought to be at variance with those obtained 
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from experiments in which one carotid sinus nerve was electrically stimulated 
and vagotomy merely reduced the after-rise. In the perfused carotid sinus 
preparations, the carotid baroreceptors on both sides were excluded from the 
general circulation and cannot therefore initiate an over-compensatory 
mechanism through the systemic blood pressure being lowered reflexly by 
a test rise in carotid sinus pressure. After vagotomy, therefore, all over- 
compensation is abolished. In the nerve stimulation experiments and in the 
experiment in which only one sinus was perfused (Table 35), one carotid sinus 
remains innervated after vagotomy from which such a phenomenon can still 
be elicited. 

Whatever are the haemodynamic events responsible for the fall in pul- 
monary arterial pressure on stimulation of the carotid sinus baroreceptors, 
the resulting low systemic blood pressure in the vasosensory areas not under 
test probably initiates reflexly an opposite train of events which is responsible 
for the after-rise on cessation of the stimulus. This View is supported by the 
results of lowering the carotid sinus pressure and of section of the carotid sinus 
nerves, both of which cause a rise in pulmonary arterial pressure. 

The compensatory and over-compensatory effects in the pulmonary arterial 
blood pressure have been explained in terms of secondary reflex effects from 
vasosensory areas in the systemic circulation, viz. the carotid sinus and arch 
of the aorta. There is little difficulty in obtaining evidence in this connexion 
so far as the carotid sinus is concerned because of the accessibility of its nerve 
supply. When the arch of the aorta is denervated by section of the cervical 
vagosympathetic nerves, however, the afferent pathway for vasosensory 
receptors in other territories, such as the pulmonary vascular bed, is also 
severed (Schwiegk, 1935; I. de B. Daly, Ludany, Todd & Verney, 1937). We are 
unable to say what part, if any, secondary reflexes from this region play in 
modifying the response of the pulmonary arterial pressure to stimulation of 
the carotid sinus baroreceptors. 


Consideration of pulmonary haemodynamics in relation 
to carotid sinus reflexes 

The size of the pulmonary arterial pressure changes when expressed on a 
percentage basis were always smaller than those occurring in the systemic blood 
pressure. This is perhaps hardly surprising in view of the distensibility of the 
pulmonary vascular bed. Thus relatively small variations in pulmonary 
arterial pressure could reflect changes in blood flow or in pulmonary vasomotor 
tone (I. de B. Daly, Duke, Hebb & Weatherall, 1948) of considerable physio- 
logical significance. 

All the experianents described in this paper were made with open chest under 
artificial respiration so as to exclude cardiovascular effects of alterations in 
intrathoracie pressure. Occasionally, however, electrical stimulation of the 
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carotid sinus nerve caused rhythmic movements of the thoracic cage and 
contractions of the abdominal muscles, presumably through excitation of 
chemoreceptor fibres in the nerve. These effects were not the cause of the 
pulmonary arterial pressure responses except in one or two instances. Further 
experiments showed that the same pressure responses occurred in adrenal- 
ectomized preparations and independently of changes in tidal air volume. It is 
concluded, therefore, that the reflex pulmonary arterial pressure responses 
elicited from the carotid sinus baroreceptors are the result of primary effects 
on the cardiovascular system. Consideration will therefore be given to changes 
in left atrial pressure, minute output of the right ventricle and to changes 
in pulmonary vascular resistance. 

Repeated measurements of left atrial pressure showed that although 
considerable variability in the response occurred from one preparation to 
another, the size of the effect was usually small compared with that of the 
pulmonary arterial pressure ; in many instances, the change in the two pressures 
was in the opposite direction. 

With regard to cardiac output changes, there is still no general agreement on 
the effects produced by carotid sinus reflexes. The literature has recently been 
critically reviewed by Kenney, Neil & Schweitzer (1951). Using the direct 
Fick method, they found that, in the dog under Nembutal or chloralose 
anaesthesia, stimulation of the carotid sinus nerve, or an increase in carotid 
sinus perfusion pressure caused no significant change in cardiac output so long 
as the changes in heart rate were not considerable. About the same time, de 
Vleeschhouwer, Pannier & Delaunois (1950), using a similar technique, claimed 
that, in twenty dogs, carotid occlusion caused an increase in cardiac output 
in fifteen and a decrease in five. Using the dye dilution technique of Stewart, 
Leusen_, (1954) found that lowering the carotid sinus perfusion pressure 
| 1 in an increase in cardiac output. 

e have found that in adrenalectomized preparations in which the lungs 
were denervated a pulmonary arterial depressor response could still be obtained 
on raising the carotid sinus perfusion pressure. This clearly indicates that 
factors other than a possible change in pulmonary vascular resistance 
(Schafer, 1920) are responsible for this effect. There are two possible explana- 
tions which could account for the pulmonary arterial pressure responses in 
these preparations: either they are the result of changes in right ventricular 
output, or alternatively, they are secondary to changes in systemic blood 
pressure or bronchial artery pressure (Berry & I. de B. Daly, 1931). The 
present experiments do not enable us to decide which of these two alternatives 
is the more likely one, although in some experiments, the absence of ah after- 
rise in systemic blood pressure during the after-rise in pulmonary arterial 
pressure would make less likely the latter explanation. But whichever view 
is taken, it is clear that in experiments in which the heart and lungs were 
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denervated, the response of the pulmonary arterial pressure must be secondary 
to haemodynamic events occurring in the systemic circulation. Experiments 
made to analyse this response further have shown that the pulmonary arterial 
pressure effects in such ‘denervated’ preparations are accompanied by similar 
directional changes in pulmonary blood flow (Daly & Luck, to be published). 
Since there is no accompanying change in heart rate, these variations in flow 
are probably related to capacity effects in the systemic circulation through 
changes in arteriolar and venomotor tone. 

Our experiments provide some evidence that, in addition, slowing of the 
heart rate, when considerable, may in part be responsible for the fall in 
pulmonary arterial pressure through a reduction in right ventricular output. 
The sudden onset of bradycardia in response to stimulation of the carotid 
sinus nerve is accompanied by an immediate fall in pulmonary arterial pressure. 
This latter effect is unlikely to be the result of a diminution in venous return 
because the right atrial pressure rises. This view is supported by the results 
of experiments in which changes in volume of the ventricles were measured 
with a Henderson (1906) type of cardiometer (Daly & Schweitzer, unpublished 
observations). It was found that the stroke volume did not increase in pro- 
portion to the slowing of the heart so that a considerable reduction in cardiac 
output resulted. 

It is evident that changes in pulmonary blood flow probably play an 
important pert in determining the pulmonary arterial pressure response to 
stimulation of the carotid sinus baroreceptors, even when the heart rate 
responses are small or absent. To what extent they are responsible for the 
partial or complete recovery of the pulmonary arterial pressure, which may 
sometimes occur within 1-2 min despite the stimulus to the baroreceptors 
being maintained constant, is still unknown. A further analysis of pulmonary 
haemodynamics can, therefore, only be made when more information is 
available on possible transient changes in pulmonary blood flow occurring on 
raising and lowering the carotid sinus pressure. As was pointed out by Kenney 
et al. (1951) such changes would escape detection by the Fick method. 

Finally, our results do not militate against Schafer’s (1920) view that reflex 
pulmonary vasodilatation occurs. It was based, however, on the assumption 
that there was a concomitant increase in venous return through the dilated 
systemic blood vessels. A series of experinfents has been carried out recently 
by us in which the combined blood flows through the superior and inferior 
venae Cavae were continuously registered by means of a rotameter. It was 
found that stimulation of the carotid baroreceptors invariably caused a 
reduction in venous return. These results will be presented in a separate paper 
(Daly & Luck, to be published). 
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SUMMARY 


1. The effects of carotid sinus baroreceptor reflexes upon the pulmonary 
arterial pressure have been investigated in anaesthetized dogs with open 
chest under artificial respiration. 

2. Bilateral occlusion of the common carotid arteries or section of a carotid 
sinus nerve causes a reflex rise in pulmonary arterial and systemic blood 
pressures. In both instances the pulmonary arterial pressure may gradually 
fall to its original level again. Section of both cervical vagosympathetic 
nerves increases these responses and reduces the compensation in the pulmo- 
nary arterial pressure. 

3. Electrical stimulation of the carotid sinus nerve causes a fall in systemic 
blood pressure, slowing of the heart and a fall in pulmonary arterial pressure. 
In the majority of experiments, the pulmonary arterial depressor response 
was followed by an after-rise above the control level on cessation of the 
stimulus. Similar effects are produced by raising and then lowering the 
pressure in the isolated perfused carotid sinus. 

4. The fall in pulmonary arterial pressure produced by electrical stimula- 
tion of the carotid sinus nerve is little affected by atropine so long as there is no 
considerable slowing of the heart. The depressor response is augmented, how- 
ever, by section of the contralateral carotid sinus nerve or of both cervical 
vagosympathetic nerves. This is probably due to a diminished buffering effect 
of the sino-aortic nerves. 

5. The after-rise in pulmonary arterial pressure occurring on cessation of 
the stimulus is reduced by section of the contralateral carotid sinus or both 
cervical vagosympathetic nerves, suggesting that it is due to an over-com- 
pensatory mechanism of reflex origin. 

6. The reflex changes in pulmonary arterial pressure are not entirely due to 
pressure effects transmitted through the lungs from the left atrium, changes 
in respiration or to bronchomotor phenomena. 

7. Evidence is presented which suggests that both the reflex fall and after- 
rise in pulmonary arterial pressure are, at least in part, secondary to haemo- 
dynamic events occurring in the systemic circulation and to cardiac effects. 

Thanks are due to Mr P. G. Wright and Dr C. P. Luck for their help in some of the experiments ; 


to Mr D. R. Bacon for expert technical assistance and to the Medical Research Council for a grant 
defraying the expenses of part of this work. 
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ANODE BREAK EXCITATION IN DESHEATHED FROG NERVE 
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Considerable attention was earlier paid to anode break excitation since it was 
held that information about normal nerve excitability could be obtained from 
investigations of the anode break excitation (e.g. Biedermann, 1898). Accord- 
ing to Hill’s theory of accommodation (e.g. Katz, 1939), the anode break excita- 
tion is a direct consequence of the accommodation. Tasaki & Mizuguchi (1948), 
on the other hand, note that no excitation of the isolated myelinated fibre 
occurs at anode break. Rashbass & Rushton (19496) observed that anode block 
and anode break excitation are much more pronounced in stripped nerve than in 
unstripped nerve. Hodgkin (1951) mentions that: ‘In general, the conditions 
which allow anode-break excitations seem to be that the membrane potential 
should be low and that the fibre should be losing potassium and gaining sodium.’ 

In the present investigation the conditions were studied in which the 
stripped frog nerve showed an anode break excitation. It was found that a 
nerve does not show any anode break excitation when it is in ‘good’ condition 
in ordinary Ringer’s solution, whereas a nerve which is somewhat depolarized 
or damaged readily shows break excitations. 


METHODS 


Preparation, The experiments were made on the peroneal nerve and the gastrocnemius nerve of the 
frog (Rana esculenta). The connective tissue sheath of the nerve was split with scissors and removed, 
and the other branches of the sciatic nerve were dissected free (Huxley & Stampfli, 1949), so that 
there were no cut branches close to the stimulating site. 

Stimulation and recording. The stripped nerve was mounted in capillaries in a Perspex cell for 
stimulation and for recording, Thus the nerve is immersed in a big volume of Ringer’s solution, 
and the interelectrode distances are determined by the length of the capillaries. Bipolar stimula- 
tion with 10 mm interelectrode gap was used in some of the experiments, whereas tripolar stimula- 
tion (Fig. 1) was used in others (e.g. Lussier & Rushton, 1952). Rectangular pulse stimulators 
were used. The action potential was recorded with a d.c. amplifier. Silver silver-chloride electrodes 
were used throughout. The Ringer’s solution used had the following composition: 


g/l. mM 
NaCl 6-47 110-5 
KCl 0-186 

0-120 1-08 
N 0-200 2-4 
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Fig. 1. Arrangement for tripolar stimulation. Length of capillaries at stimulating site 1-4 mm. 
Ringer’s pool between the two capillaries 0-7 mm wide. Figure not drawn to scale. 


7 

Fig. 2. Action potentials from desheathed nerve. Bipolar stimulation. Cathode near the recording 
site in records 1, 3 and 5. Anode near the recording site in 2, 4, 6 and 7. Stimulating site far 
from the cut end of the nerve in records 1 and 2: no anode break discharge is seen. Stimula- 
ting site close to the cut end in records 3 and 4: anode break discharges are seen. Potassium 
concentration in the external fluid increased to 10 mm in records 5 and 6: anode break 
discharge and a low threshold for anode block are observed. In record 7 a conditioning current 
of about rheobasic strength is passed through the nerve (cathode near recording site). 
Stimulus voltage has been that just needed for imal lation (A-fibres) of the uninjured 

nerve in all the experiments. Duration of Seciaies ; pulse 13 msec. Time: 1000 c/s. 


RESULTS 


In experiments with bipolar stimulation of the desheathed nerve, with both 
stimulating electrodes well away from the cut ends of the fibres, it was found 
that stimuli from threshold strength to about ten times threshold strength 
with durations from less than 1 msec to more than 100 msec elicited a dis- 
charge in the nerve at make but not at break (Fig. 2, rec. 1 and 2). If however 
_ the anode was close to the end of the nerve, then a break response was regularly 
observed (Fig. 2, rec. 3 and 4). When a square pulse with a strength of more 
than ten times threshold was applied well away from the cut end, then anode 
break responses were observed for a few minutes. In this altered condition of 
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the nerve, the threshold for anode break response was sometimes lower than 
the threshold for cathode make response. Another condition which favours 
the anode break response is when the nerve is depolarized by an increased 
potassium-chloride concentration (Fig. 2, rec. 5 and 6) or an external continu- 
ous current at the anode of the pulse. In order to be efficient this current has 
to be of about rheobasic strength or stronger (Fig. 2, rec. 7). 

The condition of the nerve at the site of stimulation was tested with the aid 
of a short tripole. The dimensions of the tripole were chosen so that one or two 
nodes of Ranvier in each large fibre should be in the middle Ringer’s pool. The 
conditions for excitation with tripolar stimulating electrodes have been 


1 4 ~ 6 


— 


2 5 7 
3 


Fig. 3. Action potentials from desheathed nerve, Arrangement for stimulation as in Fig. 1. In 
records 1, 4 and 6 middle electrode cathode; in 2, 5 and 7 and 3 anode. Stimulus voltage (re- 
corded on upper beam) throughout, except in record 3, twice the original rheobase when middle 
electrode is cathode, in record 3 ten times stronger pulse. The records were taken in the order 
indicated by the numbers, No break excitation in records 1 and 2. In records 4 and 5 (after a 
single strong shock, record 3) break excitations. Decreased make response in record 4 and 
increased in record 5. Records 6 and 7 were taken 5 min later and indicate a fair reversibility 


of the changes produced by the single strong pulse. Time: msec. 


analysed thoroughly (e.g. Rushton, 1949; Rashbass & Rushton, 1949a; 
Lussier & Rushton, 1952). Excitation at make on the desheathed nerve in a 
narrow tripole is at the cathode: therefore at the middle electrode when this is 
cathode and at the outside electrodes when the middle electrode is anode. 
Since the current density at the middle electrode is twice that at each outside 
electrode it follows that the threshold voltage, when the middle electrode is 
cathode, is about half the threshold with reversed polarity. This was confirmed 
in the present experiments. The voltage needed for an anode block (cathode in 
the middle pool) was found to be about ten times rheobasic strength, a figure 
which corresponds to an anode block with a bipole at a strength of five times 
the rheobasic voltage, and gives a safety factor of about 5. 

When the nerve is stimulated with the tripole arrangement (Figs. 1, 3) no 
break excitation is observed for any stimulus strength from threshold strength 
to about ten times threshold (cathode in middle pool). The same holds true 
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with reversed polarity for stimulus strengths to about five times threshold. 
If one single shock of higher intensity is applied, in this case (record 3) of 
strength 10 times that used for the other records and with the anode in the 
middle pool, then the excitability of the nerve is markedly changed for some 
minutes. In record 4 the amplitude of the make response is decreased. This 
diminution of the action potential cannot be explained by an increase in thres- 
hold, since it was found that the threshold was lower than before the strong 
shock. The threshold for anode block was also lower. The decreased anode block 
threshold cannot be explained by an increased threshold of the nodes outside 
the tripole, since the make threshold of these nodes is decreased, as is evident 
when record 5 is compared with record 2. It is, therefore, concluded that the 
strong shock damaged to a large extent the nodes in the middle pool and that 
these nodes were more or less inactivated. A nerve in this state gives readily 
an anode break response for relatively small stimulus strengths, which is seen 
in records 4 and 5. It may be noted that the effect caused by the strong shock 
is to a fair extent reversible (records 6 and 7). 


DISCUSSION 
Frog nerve with intact circulation does not show any anode break excitation 
(Valentin, 1863; Parrack, 1940). Break excitations can, however, be obtained 
in @ number of conditions when the nerve is in a slightly depolarized state 
(Hodgkin, 1951; Hodgkin & Huxley, 1952). A stripped nerve is clearly more 
sensitive to injury than an intact nerve which is protected by the connective 
tissue sheath. It is therefore not surprising that the stripped nerve may be in a 
state where it shows an anode break excitation and a low threshold for anode 
block. Rashbass & Rushton (19496) have clearly shown the effect of the epi- 
neurium on the current distribution at the site of electrical stimulation. In 
order to avoid this complication it is, therefore, in many cases desirable to 
work on a stripped nerve. They found however another complication with the 
stripped nerves. They write: ‘Anodal “break” excitation and the anodal block 
of conduction are much increased by stripping so that these phenomena appear 
at current strength low enough to complicate “make” threshold measure- 
ments. ... We cannot explain this.’ In the present investigation we regularly 
observed anode break excitation and a low threshold for anode block only in 
conditions where it was evident that the nerve was injured or depolarized. 
This appeared in the following conditions: (a) when a too strong stimulating 
shock had been applied; (6) when the cut end of the nerve was close to the 
stimulating site; (c) after a dissection which intentionally stretched the nerve 
more than necessary; (d) when the nerve was depolarized by an external 
current or by an increased potassium chloride concentration in the external 
fluid. Rashbass & Rushton considered most of the possibilities why their 
stripped nerve had an excitability different from the ‘normal’ excitability, but 
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found no obvious reason for this. Neither can we offer any explanation for the 
discrepancy between their experiments and ours. But we conclude that anode 
break excitation, combined with anode block at low pulse strength, is @ sign of 
injury or depolarization of the fibres ina stripped frog nerve in ordinary Ringer’s 
solution. It is quite possible to strip the nerve and to keep the desheathed nerve 
for many hours (> 12) in such a condition that the excitability of the stripped 
nerve is the same as that of circulated nerve so far as the anodal effects are 
concerned. It should be pointed out that the injury necessary for these anodal 
effects is so slight that the conductivity of the fibres is intact. This view is in 
full accordance with Hodgkin’s (1951) opinion that anode break excitation 
appears only if the fibres are mildly inactivated. 


SUMMARY 


~ It was found that the desheathed frog nerve in ordinary Ringer’s solution has a 


high threshold for anode block and shows no anode break.excitation as long as 
the nerve is in ‘good’ condition at the site of stimulation. A somewhat de- 
polarized nerve has a low threshold for anode block and shows an anode break 
excitation. 


This investigation was supported by a grant from Stiftelsen Therese och Johan Anderssons Minne, 
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CENTRAL NERVOUS CONTROL OF GASTRIC MOVEMENTS 
IN SHEEP AND GOATS 


By A. IGGO 
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Physiology Department, University of Edinburgh 


(Received 9 August 1955) 


The co-ordinated periodic gastric movements in ruminants can be abolished by 
bilateral vagotomy (Mangold & Klein, 1927; Popow, Kudrjavcew & Krasausky, 
1933; Duncan, 1953) which cuts both the gastric motor fibres and gastric sensory 
fibres. The gastric motor fibres in the vagi were first described by Hartung 
(1858), whereas it is only recently that vagal afferent fibres with reflex effects 
on ruminant gastric motility were described (Duncan & Phillipson, 1951; 
Duncan, 1952). Titchen (1953, 1954) independently observed these reflex 
effects and showed that moderate gastric distension or increased acidity of the 
abomasal contents reflexly enhanced gastric motility. 

The present investigations were started in order to analyse the afferent and 
efferent reflex pathways. Gastric afferent receptors have been identified 
electrophysiologically (Iggo, 1955) and an attempt has been made to see how 
far these receptors may be responsible for the reflexes observed. Some of the 
results have already been described briefly (Iggo, 1951). 


METHODS 

Sheep of various ages, weighing 25-45 kg, and male goats, 3-9 months old and weighing 15-35 kg 
were used. Permanent ruminal cannulae were fitted in all sheep, by the method of Phillipson & 
Innes (1939), several weeks before the acute experiments were done. In acute experiments the 
stomach was exposed, if necessary, by an incision in the abdominal wall. The cervical vagus was 
exposed by a longitudinal skin incision and covered by a pool of liquid paraffin B.P. at 37-39° C, 
which filled a trough formed by tying the skin flaps to a supporting frame. 

Vagotomy above the left nodose ganglion was done in aseptic conditions, A lateral approach 
was used and the ganglion was located by following the cervical vagus up towards the skull. 

For decerebration the animal, starved overnight, was anaesthetized with a single dose (approx. 
25 mg/kg) of pentobarbital. After tracheal cannulation the dorsal surface of the cranium was 
exposed, the common carotid arteries were clamped and an opening was made in the skull with a 
? in. diameter trephine. The hole was enlarged across the mid-line after the dura mater had been 
detached from the bone, the longitudinal sinus was ligatured and the dura mater taken off the 


* During tenure of the McMillan Brown Research Scholarship (N.Z.). 
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exposed cortex. Next the vertebral arteries were compressed manually against the second cervical 
vertebra and @ thin metal spatula, inserted behind the elevated right occipital pole of the cortex, 
was drawn across the brain-stem in an intercollicular plane. After removing the severed brain the 
stumps of the internal carotid arteries were clamped and ligated and the stump of the basilar artery 
was compressed with fibrin foam. The clamps were removed from the common carotid and vertebral 
arteries after a clot had formed on the basilar artery. This technique has been used on thirty-five 
sheep and two goats with three deaths at decerebration. 

Recording methods. Gastric movements were recorded with air-filled balloons in the stomach 
connected either to water manometers and a kymograph, or to condenser manometers and an 
oscillograph. 

Electrical activity in single afferent fibres was recorded by a method previously described 
(Iggo, 1955). The compound action potentials in the right or left cervical vagus,set up by electrical 
stimulation, were recorded by fixing one Ag/AgCl electrode to the severed end of the nerve and 
placing the other Ag/AgCl electrode distant 1-2 om along the nerve. The vagus between the elec- 
trodes was crushed (in some experiments a drop of a 1% (w/v) solution of procaine HCl was also 
placed on the ‘end’ electrode) so that monophasic action potentials were recorded. The pair of 
stimulating electrodes was placed under the vagus 35-90 mm away, and part of the intervening 
vagus was left attached to the surrounding tissues. The Ag/AgCl earth electrode was stitched into 
nearby muscle. The action potentials, amplified with a conventional amplifier, were displayed on a 
cathode-ray screen and recorded on film (Ilford 5B52). 

Excitation of gastric afferent or efferent fibres was detected by recording the intragastric pres- 
sure while stimulating faradically the central or peripheral end, respectively, of the cut cervical 
vagus. Single compound action potentials elicited by stimuli of the same intensities were photo- 
graphed, The conduction velocity of the gastric fibres was measured from the potential wave 
obtained by subtracting the compound action potentials set up by stimuli subthreshold for gastric 
movements from those set up by stimuli above threshold. 

Histological method. Pieces of the vagi were taken from sheep and goats at or just before death 
and were fixed in the vapour above a 1 % (w/v) solution of osmic acid. The nerves were embedded 
in paraffin wax and transverse sections (6 thickness) cut. The diameters of the myelinated fibres 
were measured with an eyepiece vernier micrometer and during counting each fibre was pricked 
off on an enlarged photograph of the section as it was measured on the slide. 


RESULTS 
When intact sheep and goats were anaesthetized the co-ordinated reticulo- 
ruminal movements ceased and began again, during recovery from anaesthesia, 
after fore-limb flexion could be elicited reflexly (Table 1). The returning reticulo- 
ruminal movements were small, slow and far apart at first and were often 


TaBLE 1. The effect of anaesthesia, induced by intrajugular single injections of the drugs 
listed, on reticulo-ruminal! motility in sheep 
Time to ‘to recovery (min) 


No, of Dose Flexor reflex in ae ruminal Standing 
Drug experiments mg/kg forelimb motility posture 
Thiopentone 7 13-25 9-33 10-33 20-76 
Pentobarbital 1l 17-25 10-22 16-39 60-92 
Allobarbitone 3 32-33 . Not absent 12-26 115-318 
Chloralose 1 40 Not absent *Absent for 5 min, — 
30 min after 
injection 
Urethane 1 320 Not absent *Not absent - 


* Decrease in size and frequency of movements. 
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followed by a series of progressively smaller rhythmic ruminal movements 
which had died out before the next reticulo-ruminal contraction began. 
Reticular movements were also elicited in a lightly anaesthetized goat by 
sustained reticular or ruminal distension (Table 2, Fig. 3). The response was 
abolished by giving more pentobarbital. 
In a series of eighteen decerebrate sheep typical reticulo-ruminal contrac- 
tions, at frequencies ranging from 0-5 to 1-0 per minute, were recorded (Fig. 1) 


Fig. 1. Large ruminal contractions recorded in a sheep 15 min after decerebration. Reticular 
contractions recorded several minutes later had the same frequency. Time marks in lowest 
tracing at 10 sec intervals, 
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Fig. 2. Diphasic reticular Contractions ii & sheep, @, in the conscious animal; b, under light pento- 
barbital anaesthesia; c, a contraction elicited by faradically stimulating the central end of an 
abomasal nerve 40 min after decerebration followed by d, a spontaneous contraction. The 
upper tracing in ¢ and d shows the carotid arterial pressure, the middle tracing shows the 
reticular movements and below are the signal tracing and time marks at 10 sec intervals. 
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in seven preparations within 15 min of dividing the brain stem. In four 
preparations, which did not show these spontaneous movements, gastric 
movements were elicited by brief faradic stimulation, 20-100 c/s for 5-20 sec, 
of the central cut end of cervical, thoracic or abdominal branches of the vagi. 
Such stimulation sometimes elicited one diphasic contraction (Fig. 2), and at 
other times aroused a succession of diphasic movements which continued for as 
long as 30 min (e.g. Fig. 5). In other decerebrate preparations the interval 
between successive reticular movements elicited by repeated faradic vagal 
stimulation was never less than 10 sec. Each burst of stimuli in a series of 10 
to 20 elicited a contraction only if the interval between successive bursts was 
30 sec or longer. | 


Fig. 3. Impulses in a single vagal afferent fibre during reticular distension and a reticular con- 
traction in a lightly anaesthetized goat. A, the effect of sustained distension (1200 ml.) on 
the single fibre; B, a reticular contraction elicited by the same distension, which is con- 
tinuous throughout. In each record the upper tracing shows the intra-reticular pressure, the 
middle tracing shows impulses in the single afferent fibre and the lower tracing shows the 
e.c.g. and impulses in an external intercostal muscle. Time 75 sec. 


The afferent limb of the gastric motor reflex 

Impulses in centripetal vagal fibres from gastric receptors were recorded 
during reticular, ruminal or abomasal distension in anaesthetized sheep and 
goats (Fig. 3). Five receptors were found by squeezing small areas of the 
gastric wall between finger and thumb and were all near the oesophageal 
groove; these receptors were excited by both reticular and ruminal distension. 
During sustained reticular distension in one lightly anaesthetized goat, 
impulses were recorded in three single afferent fibres and reticular movements 
were elicited (Fig. 3). Increasing the volume of distension from 800 to 1200 ml. 
doubled the rate of firing of impulses and decreased the interval between suc- 
cessive reticular contractions (Table 2). In the more deeply anaesthetized 
animal the same distension no longer caused reticular movements, although the 

discharge in the single fibres was unchanged. 
The conduction velocity was measured in centripetal fibres from tension re- 
ceptors, where it was 2~12 m/sec, and in those vagal fibres faradic stimulation 
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of which elicited gastric contractions in decerebrate sheep. The compound 
action potential method was used for the latter (Fig. 4), and in five prepara- 
tions the conduction velocity of the most excitable gastric afferent fibres was 
10-13 m/sec. When the intensity of stimulation was raised above the threshold 
for a reflex response the latent period of the gastric movement was less and 
fibres with conduction velocities less than 10-13 m/sec were excited. The 
shortened latent period is attributed to an excitatory effect of some of these 
slower fibres. With this technique it was not possible, however, to assess the 
conduction velocity of the slowest gastric afferent fibres. 


TaB_eE 2. The effect of the volume of sustained reticular distension on the discharge of impulses in 
three single vagal afferent fibres and on the interval between reticular contractions elicited 
by the distension; and the effect of the contractions on the discharge in the single fibres. The 
contractions were recorded under isometric conditions (Goat) 


Volume of Rate of discharge (impulses/sec) Interval between 
distension A contractions 
Fibre (ml.) Distension Contraction (sec) 
a 1200 10-14 48-61 30, 45, 45 
b 800 8-11 18-30 — 
1200 15-19 23-46 30, 25, 30, 60 
7 30, 55, 30, 50 
50, 50, 55. 
c 800 15-22 37-44 70, 60 . 
1200 37-45 46-63 — 


Fig. 4. Compound action potentials, set up by single stimuli, fecorded from the central end of the 
severed cervical vagus in a decerebrate sheep. The stimulus intensity was just subthresho!d 
for excitatory gastric afferent fibres in a, just threshold in b, and was supramaximal for the 
myelinated fibres in c. Time marks in msec. Thesconduction distance was 56 mm. 
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The efferent limb of the gastric motor reflex 
A succession of reticulo-ruminal movements in a decerebrate sheep could be 
broken by blocking both cervical vagi (Fig. 5). When only one vagus was 
blocked, or if both vagi were partly blocked, the movements were still present 
but smaller and farther apart than before applying the block. Faradic stimula- 
tion (8-100/sec) of the peripheral end of the cut cervical vagus caused smooth 


Fig. 5. The effect on a succession of reticular contractions in a decerebrate sheep of cooling both 
cervical vagi with 4° C saline. The records are continuous and the period of cooling is indicated 
by the signal in the lower tracing. The contractions were elicited 5 hr after decerebrations by 
faradic stimulation of an abomasal branch of the vagus for 25 sec shown by the signal below 
the upper tracing. The balloon was not deep in the reticulum in this experiment. Time marks 
are at 10 sec intervals. 


gastric contractions. The conduction velocity of the most excitable of these 
gastric efferent fibres, measured by the compound action potential method in 
four anaesthetized and two decerebrate sheep, was 11-16 m/sec. When the 
stimulus intensity was above the threshold for gastric contractions slower 
vagal fibres were excited and the gastric contractions were more powerful. 
There was no further increase in the strength of the gastric contractions when 
the stimuli were strong enough to excite the non-myelinated fibres in addition 
to the myelinated fibres. From these results it is concluded that the gastric 
efferent fibres in the cervical vagi had conduction velocities of 1-16 m/sec. 


nd 
was 
old 
und 
ese 
sin 
ited 16 
ne 
12 4 
8 x 
4 
§ 
16 
12 


254 | A. I1GGO 


The left vagus was cut above the nodose ganglion in three sheep, and at least 
40 days were allowed for degeneration of the de-centralized fibres. At the end 
of that time the vagi were stimulated faradicaily during acute experiments. 
No gastric movements were caused when the left vagi were stimulated, but the 
stomachs were sensitized by the denervation to stimulation of the right vagi. 


Myelinated fibres in the abdominal vagi 
In cross-section of osmic-acid stained dorsal and ventral abdominal vagi 
and in ruminal and abomasal branches of the vagi myelinated fibres were abun- 
dant. There were several thousand at the diaphragmatic level of the vagus in 
sheep and goats and in a sample counted in one sheep 80 % were 2-4 diameter, 


14% were 4-6-5 diameter and only 3% were 7-12 diameter. The largest 


fibres were absent from cross-sections of abomasal and ruminal nerves, but the 
size distribution was otherwise similar. 

DISCUSSION 
The gastric tension receptors behaved in a manner consistent with the view 
that they mediate the excitatory effect of gastric distension. At volumes of 


distension adequate to elicit reticular movements impulses were being 
discharged along the centripetal fibres from the receptors, and the more 


powerful excitatory effect of a larger volume of distension, also found by — 


Dussardier (1955), was matched by a higher rate of firing in the afferent fibres. 

Evidence from the conduction velocity studies is also consistent with this 
hypothesis. The centripetal fibres from the tension receptors had thesame range 
of conduction velocities, less than 13 m/sec, as vagal afferent fibres with a 
known excitatory effect on the gastric centre, viz. those afferent fibres which on 
faradic stimulation elicited gastric movements. 

A problem arises, however, because all the gastric receptors so far isolated in 
single fibre preparations in goat and cat (Iggo, 1955) have behaved as‘in series’ 
tension receptors, i.e. the receptors were excited by both passive distension 
and active contraction of the stomach. A distension-elicited contraction should, 
therefore, be self-perpetuating, for the rate of firing in afferent fibres during the 
contraction would be greater than during the preceding distension and so the 
excitatory effect of distension would be re-inforced. This, in fact, does not 
happen, presumably because the gastric centre becomes inexcitable for a time 
after a reflexly elicited contraction. This was found, for example, when the 
gastric afferent fibres in the vagi were stimulated electrically in decerebrate 
sheep and two reticular contractions could not be elicited with less than 10 sec 
between them. 

Afferent fibres in the splanchnic nerves shown by Duncan & Iggo (unpub- 
lished observations, 1950) and Titchen (1954) to be inhibitory are not essential 
to the normal function of the gastric centre since gastric movements were 
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present in splanchnicotomized sheep (Duncan, 1953). These fibres may mediate 
the inhibitory effect of abomasal distension (Phillipson, 1939). 

The disappearance of reticulo-ruminal movements when the cervical vagi 
were blocked in decerebrate sheep and their absence in conscious sheep when 
the vagi were blocked (Popow et al. 1933) or cut (Duncan, 1953) is convincing 
evidence that the gastric efferent fibres are restricted to the vagi. This con- 
clusion is confirmed by Bell & Lawn (1955), who showed that monophasic 
reticulo-ruminal contractions evoked by electrical stimulation of the dorsal 
part of the lateral reticular formation in the medulla of sheep were abolished 
by ipsilateral vagotomy. A centre such as that which Bell & Lawn were 
stimulating was presumably active during the reflex and spontaneous reticulo- 
ruminal movements in the decerebrate preparations. However, these latter 
movements displayed a co-ordination which was lacking when the medulla 
was stimulated directly, and it is clear that the finer details of gastric centre 
function have yet to be revealed. 

The normal pattern of gastric movements seems to depend on the gastric 
centre since faradic stimulation of the gastric efferent fibres caused smooth 


_ bnco-ordinated gastric contractions. Whether the pattern arises in the internal 


organization of the centre or is, in part, determined by afferent inflow from the 
stomach is a subject for investigation. 


SUMMARY 

1. Reticulo-ruminal movements which ceased when intact sheep or goats 
were anaesthetized could be elicited by gastric distension in a lightly anaesthe- 
tized goat. In decerebrate sheep and goats they appeared spontaneously or 
were elicited by gastric distension or by faradic stimulation of the central end 
of the cut vagus. 

2. Sustained gastric distension elicited reticular movements and excited 
receptors in the gastric wall. Increasing the distension raised the rate at which 
impulses were firing in centripetal fibres from the receptors and shortened the 
interval between successive contractions. The centripetal fibres from the 
gastric receptors and the vagal afferent fibres, faradic stimulation of which 
elicited gastric movements, had conduction velocities less than 13 m/sec. 

3. A series of reticulo-ruminal movements in decerebrate sheep could be 
abolished by blocking the cervical vagi. The gastric efferent fibres had conduc- 
tion velocities of 1-16 m/sec and when they were stimulated repetitively 
smooth unco-ordinated gastric contractions were recorded. 

I wish to thank Dr D. P. Cuthbertson, Director of the Rowett Research Institute, for his 
generous hospitality in placing laboratory facilities at my disposal. I am grateful to Dr A. T. 
Phillipson, for his interest and advice and to Prof. D. Whitteridge, F.R.S., for guidance in the 
single fibre studies. Part of the expenses of this investigation were defrayed by grants from the 


Agricultural Research Council, the Llewellyn Bevan Bequest and the Moray Endowment Fund 
of the University of Edinburgh. 
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HISTOLOGICAL, PHYSIOLOGICAL AND BIOCHEMICAL 
STUDIES ON THE HEART OF TWO CYCLOSTOMES, 
HAGFISH (MYXINE) AND LAMPREY (LAMPETRA) 


By K.-B. AUGUSTINSSON,* R. FANGE,+ A. JOHNELSt 
anp E. OSTLUNDS 


(Received 30 June 1955) 


In the present paper an account is given of histological and experimental 
studies on the innervation of the heart in Myzxine and Lampetra (Petromyzon). 
The reactions to drugs of the isolated hearts and the presence of acetylcholine 
(ACh), cholinesterases, histamine and catechol amines have been investigated. 

Green (1902) and Carlson (1904) during experimental work with the cyclo- 
stome Bdellostoma found that this vertebrate is peculiar in having no cardio- 
regulative nerves. Fange & Ostlund (1954) found that the isolated heart of 
another myxinoid, Myzine, gives no or only weak responses to acetylcholine, 
adrenaline and noradrenaline. Ostlund (1954) reports that the heart of Myxine 
contains surprisingly great quantities of catechol amines. 

In contrast to myxinoids the petromyzontids have been shown to possess 
nervous elements in the heart. The presence of ganglion cells in the heart of 
Lampetra (Petromyzon) has been observed by Owsiannikof (1883), Ransom & 
Thompson (1886) and Tretjakof (1927). According to Ransom & Thompson 
(1886) and Julin (1887) the heart receives fibres from the vagus nerve, and 
Tretjakof (1927) noticed a rich network of sympathetic fibres in the sinus 
venosus. Gaskell (1912) investigated chromaffin cells in Lampetra and noticed 
that the heart contains some substance with an adrenaline-like effect upon blood 
pressure of the cat. Otorii (1953) reports that the isolated heart of Entosphenus 
is accelerated by acetylcholine, pilocarpine, physostigmine and choline musca- 
rine, whereas adrenaline retards the heart frequency. 

* Institute of Organic Chemistry and Biochemistry, University of Stockholm. 

+ Department of Zoophysiology, University of Lund. 

{ Department of Zoology, University of Stockholm. 

§ Department of Physiology, Karolin.'a Institute; Medical Department IV, St Erik's Hospital, 
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METHODS 
Animal material: adult hagfish (Myzine glutinosa) and lamprey (adult specimens of Lampetra 
fluviatilis, adult and larval specimens of L. planeri). 

Histological. The fixatives were Bouin’s fluid and no. 2 of Bodian fixative for protargol staining: 
and in order to demonstrate chromaffin tissue, Miiller’s and Orth’s fluids. Paraffin embedding and 
sectioning (5-15 4) were followed by staining according to the Bodian method (Bodian, 1936, 
1937) or the modifications of this method by Ziesmer (1951) or Johnels (1955). 

Nerve stimulation. Stimulation was given from a thyratron stimulator by the aid of silver 
electrodes. Stimuli of 5 msec duration and 1-5 V were used in the experiments on Lampetra and 
of 2 msec duration and 4-5 V in the experiments on Myzine. The animals were anaesthetized with 
urethane. 


Fig. 1. A: Lampetra fluviatilis, adult. Diagram of the heart, ventral view. B: L. fluviatilis, larva. 
Reconstruction based on serial sections. Left side view. C: Myzxine glutinosa. Diagram of the 
heart and adjacent structures. ao, ventral aorta; au., auricle; ch., notochord; h., liver; 
i., intestinal branch of the vagus; j.i., ventra] (median) jugular vein; p., portal vein; p.h., 
portal vein heart; pc., pericardium; 4.v., sinus venosus; v., ventricle; v.h., hepatic vein; 
X, nervus vagus. 


Heart perfusion. The apparatus described by Fange & Ostlund (1954) was used. The perfusion 
fluids were frog Ringer (Lampeira) and a 2/1 mixture of sea water and distilled water (Myzine). 
During work with the Lampetra heart the cannula was inserted into the dorsal part of the sinus 
venosus (Fig. 1 A, B). The Myzine heart was cannulated through one of the hepatic veins reaching 
the sinus venosus (Fig. 1C). Temperature of the perfusion fluid was kept at about 18° C. Doses of 
drugs are expressed in the text below as g/ml. perfusion fluid. All values refer to the salts. 

Substances used were: acetylcholine chloride, adrenaline hydrochloride, pL-noradrenaline hydro- 
chloride, atropine sulphate, butyrylcholine chloride, cocaine hydrochloride, hexamethonium 
chloride, eserine salicylate, nicotine hydrochloride, tubocurarine chloride, propionylcholine 
chloride, 5-hydroxytryptamine creatinine sulphate. ) 

Cholinesterase activity. The Warburg technique was employed (Augustinsson, 1948) using the 
chloride of acetylcholine (ACh), acetyl-f-methylcholine (mecholyl), and butyrylcholine as sub- 
strates. Enzymic activity is expressed in pmole of ester hydrolysed in 30 min by 1-0 g tissue (wet 
weight), corrections being made for spontaneous hydrolysis of the substrates. 
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Estimation of choline, choline esters and histamine. Paper chromatography was carried out 
according to the method described recently by Augustinsson & Grahn (1953). Extracts containing 
| tissue bases were prepared in the following manner: the isolated organs (see Table 2) were homo- 

genized in 10% trichloroacetic acid. After filtration the residue was washed with 7% trichloro- 
acetic acid. The acid was removed by repeated extraction with ether (final pH 3-5). The solution 
was evaporated at a temperature not exceeding 40° C. The isolation of tissue bases followed the 
description by Kapfhammer & Bischoff (1931) with slight modifications. The reineckates were 
dissolved in- aqueous acetone (pH 4) and converted to chlorides (Augustinsson & Grahn, 1954), the 
solutions of which were used for paper chromatography. 

Provisional biological testing was carried out with various areas of the chromatograms using the 
isolated guinea-pig ileum as a test object. A paper strip containing a certain area of the chromato- 
gram was put directly into the organ bath. By this method the presence of contracting substances 
in the chromatograms could easily be demonstrated. 

Estimation of catechol amines. The material consisted of about ninety hearts of Lampetra. After 
suction filtration the extracts were concentrated and purified (Euler, 1948; Ostlund, 1954) and 
examined by biological assay on cat’s blood pressure and fowl’s rectal caecum (Euler, 1949; 
Ostlund, 1954). Paper chromatography of purified extracts was carried out by the ascending 
| method with n-butanol saturated with x-hydrochloric acid (Ostlund, 1954). 


RESULTS 
Lampetra Distribution of nervous elements 


The external shape of the heart is seen in Fig. 1A. In the adult it is com- 
pletely enclosed by a cartilaginous pericardium. Between the ventricle and the 
auricle passes the sinus venosus as a curved tube in a mainly vertical direction 
(Favaro, 1908). Nerve fibres destined for the heart run in the epibranchial 
trunk of the vagus. The caudal extremity of this nerve curves ventrally in 
a loop caudal to the last branchial opening, forming the hypobranchial branch. 
The thin heart branch separates from the main trunk caudally to the hindmost 
| branchial opening and runs in a mainly ventral direction to the dorsal wall of 
| the median jugular vein (Fig. 1B). The nerve fibres are distributed in a loose 
f network in the wall of the vein and are mainly oriented in a longitudinal 
direction (Fig. 2). As a rule one or two main bundles of fibres are discernible 
among the scattered single fibres. The diameters of the heart nerve fibres are 


In the larva the jugular vein is embedded in the ventral body wall. The 
nerve fibres pass almost exclusively in the dorsal part of the vessel which is 


| distinctly greater in the adult than in the larva. 


| ~e from the body wall. In the adult the median jugular vein is connected 
| ventrally with the body wall by a thin membrane (mesocardium), which also 
>, extends along the ventral and caudal surface of the sinus venosus. In the 
adult the fibres of the heart nerve are distributed in all parts of the wall.of the 
| vein. Further, nerve fibres have been observed which turn ventrally and run 
| through the mesocardium to the body wall. These fibres return to the wall of 
| the jugular vein, usually after only a short deviation from it: no contact with 
other neurons by these extravenous loops was observed. Finally the fibres 
spread and terminate in the wall of the sinus venosus. i : 
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No distinct nerve fibres (but numerous ganglion cells) have been observed in 
the walls of the Cuvierian ducts. A few of the fibres in the median jugular vein 
may continue along the hepatic vein. In the two ligaments (Fig. 1 A) which 
laterally attach the ventricle and the auricle to the pericardial wall no nervous 
elements have been observed. 


Fig.’2. A: Lampetra planeri, larva. Cardiac branch of the vagus nerve at the place where it enters 
the dorsal wall of the median jugular vein. Ganglion cells are scattered among the nerve 
fibres. Transverse section. B: L. planeri, adult. Same structures. The two dark bodies to the 
right,are pigment cells. Microphotographs, x 260. 


All parts of the Lampetra heart contain numerous cell bodies which resemble, 
and presumably are, ganglion cells and will be referred to as such. These cells are 
located mainly along the interior surface of the heart cavities. Tretjakoff (1927) 
observed in the sinus venosus multipolar and bipolar ganglion cells. In the 
present material the multipolar type is the rule. The shape of the cells is very 
varying (Fig. 3), which is partly explained by the fact that they are likely to 
change shape in conformity to the state of contraction of the muscle fibres on 
which they are situated. 

In the Lampetra heart two types of ganglion cells occur: large and small 
(Fig. 4A, B). The average size of the large cell type is usually 13-14 p and 
never below 12, whereas the small type has an average size of about 7-5 » and 
never exceeds 9 ». The ventricle contains a few cells smaller than 5 yw. The 
measurements were made across the cells at right angles to the longitudinal 
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axis and through the nucleus. The variation in size of the small type of ganglion. 
cells is demonstrated in Table 1. 

The large type of ganglion cells is rare. Only about 20-30 have been 
counted in the heart of L. planeri. The total number of ganglion cells in a larva 
of about 10 cm in length (L. planeri) is about 22,000. Of these about 10,500 
are in the auricle, about 8000 in the ventricle and about 3500 in the median 


Fig. 3. L. planeri, adult. Ganglion cells on the surface of a muscular bundle in the auricle. 
Microphotograph, x 425. 


TaBLE 1. Sizes of small type of ganglion cells. 


Microns 40 45 50 55 60 65 70 75 80 
Auricle (100 colle) — — 6 8 0 6M 1 8 8 
Ventricle (100 cells) 1 1 17 #10 10 #12 =M 2% 4 


bom 


jugular vein and the ventral portion of the sinus venosus. In the valve region 
of the aortic bulb there are about 100 cells, but none has been found in the | 
aorta itself. In the walls of the dorsal part of the sinus venosus and the cardinal 
veins there are numerous ganglion cells. 

In the median jugular vein groups of ganglion cells, as well as single cells, 
may be embedded in the smooth muscular and fibrous connective tissue of the 
wall. In the sinus venosus the ganglion cells are distributed on the interior 
surface of the muscles. 

In the auricle and ventricle the ganglion cells often group themselves 
together, forming chains along the muscular bundles (Figs. 3, 4B). The chains 
of ganglion cells are strongly developed along the surfaces of the main, central 
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cavities of the ventricle and auricle, whereas in the peripheral meshes of the 
loose network of myocardial bundles the ganglion cells appear singly, more 
remote from each other and connected by long processes. 

There is a direct connexion between the cells in the sinus wall, the cell 
chains within the auricle and, via cells in the atrioventricular junction, the 
cells of the same kind in the ventricle. In the atrioventricular junction 
the ganglion cells are present within the connective tissue at the base of the 
valves and also on the surfaces of the valves. Thus the system of ganglion cells 
forms a continuum throughout the whole of the heart. The system of ganglion 
cells is also in contact with ganglion cells in the Cuvierian ducts probably 
belonging to the sympathetic nervous system. 


Fig. 4. L. planeri, larva. A: large ganglion cell in the ventricle. B: small ganglion cells forming 
a chain alongside a muscle bundle in the auricle. Microphotographs, x 515. 


The cytoplasm of both the large and the small types of ganglion cells 
contains granules which are heavily stained with protargol. The cytoplasm 
itself appears light bluish pink. The granules become dark blue when stained 
by chromium haematoxylin-phloxin (Gomori, 1941). 

Giacomini (1902) and Gaskell (1912) observed chromaffin cells along the 
cardinal veins in Lampetra (Petromyzon), and Gaskell has described chromaffin 
cells in the wall of the sinus venosus. In the present investigation it was 
observed that there are cells in all parts of the heart which give a distinct 
chromaffin reaction. These chromaffin cells are easily seen in the auricle, the 
sinus venosus and the wall of the median jugular vein: in the ventricle they 
are less obvious. The position and shapes of these chromaffin cells are similar 
to those of the ganglion cells described above, and there is good reason to 
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suppose that they are identical with what has been termed the small type of 
ganglion cell. All ganglion cells of the small type appear to be chromaffin. The 
ability of the small ganglion cells to be stained by the Bodian method is not 
incompatible with their supposed chromaffin nature because it is well known 
that chromaffin cells are stainable by silver methods (cf. Pearse, 1953). 

Not only the chromaffin cells but also the heart muscle tissue itself shows 
a weak chromaffin reaction. In preparations of the Lampetra heart which have 
been treated with Miiller’s fluid the muscle fibres take on a distinct yellow tint. 
It was occasionally observed that in one heart which had been exhausted by 
perfusion experiments the myocardium was of a paler yellow tint than in other 
cases. This may indicate that the chromaffin material within the heart muscle 
fibres is utilized or released under certain conditions. 


Myzxine 

In this species there exist two hearts, the ordinary branchial heart and the 
portal vein heart (Fig. 1C). The pericardial cavity has an open communication 
with the abdominal cavity (Favaro, 1908; Pietschmann, 1934). Fibres from 
the intestinal branch of the right and left vagus nerve pass close to the heart 
and the portal vein heart. Like Carlson (1904) we have been unable to follow, 
either by dissection or histologically, any nerve fibres passing from the vagus 
nerve into the heart or portal vein heart although the intestinal fibres of the 
vagus nerve and the ganglion cells in the intestinal wall stained very distinctly. 
Nor has it been possible to detect any ganglion cells or chromaffin cells in the 
Myzine heart. However, according to Giacomini (1904) chromaffin cells 
probably occur along the cardinal veins in Bdellostoma. In Myzine, as in 
Lampetra, the heart muscles show a weak chromaffin reaction after treatment 
with Miiller’s fluid. 

Lompetre Effect of nerve stimulation 


The epibranchial trunk is thin, non-myelinized and difficult to find macro- 
scopically in the highly haemorrhagic preparation. We did not succeed in 
stimulating this nerve, but the presence of cardioregulative nerves was 
established by stimulation of the medulla oblongata (floor of the fourth 
ventricle; see Fig. 5A) or the median jugular vein. The result was the same 
with both methods of stimulation: great acceleration during, and a period of 
slowing after cessation of stimulation. With low-frequency stimulation 
(5 impulses/sec) there was only acceleration, but with high-frequency stimula- 
tion (up to 60 impulses/sec) acceleration was always followed by pronounced 
bradycardia lasting 1-2 min. We have never seen slowing during the period of 
stimulation, as occasionally observed by Carlson (1906) and Zwaardemaker 
(1924) in corresponding experiments in which they also found a cardio- 
accelerating effect of stimulation. 
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Fig. 5. Stimulation of the floor of the fourth ventricle of the brain of Lampetra fluviatilis. 
A: diagram of the brain showing place of application of electrodes (crosses). B: effect of 
stimulation. Auricular systoles recorded by pulling down a morse key connected with 
a magnet signal. Between the arrows stimulation. Time in 5 sec. Duration of stimuli 5 msec. 


Intensity 1-5 V. Frequency 40 impulses/sec. 

Myzxine 

In this species the vagus nerve can easily be exposed in the gill region by 
macroscopical preparation. No cardiac effects were obtained during stimula- 
tion of one or both vagi, of the medulla oblongata, or of the large veins in the 
vicinity of the heart. In a few cases, however, stimulation of the right vagus 
for 1 min was followed by a reversible auriculo-ventricular block reaching its 
maximum 8-10 min after cessation of stimulation. The rate of the ventricular 
beat decreased but without any change in the auricular rhythm. It is probable 
that this block did not result from a direct effect of the nerve on the heart but 
was caused by some mechanical or humoral mechanism. It may be remembered 
in this connexion that adrenaline and noradrenaline in relatively weak con- 
centrations sometimes cause a block in the isolated Myzine heart (Fange & 
Ostlund, 1954). Whether vagal stimu:xtion in Myzine causes a release of 
catecholamines, however, is not known. A mechanical effect upon the Myxine 
heart certainly occurs during vagal stimulation, owing to the strong contraction 
of the gill apparatus and the striated muscles at the cardia (cardiac sphincter). 


pete Drug actions on the isolated hearts 


The isolated heart of the lamprey beats spontaneously with a frequency of 
40-60 beats/min. The frequency of the heart in vivo (anaesthetized or decapi- 
tated specimens) is generally lower, 25-40 beats/min. 

Adrenaline. Adrenaline added to the perfusion fluid generally caused a 
slight initial depression followed by a slowly developing positive inotropic and 
sometimes also chronotropic action (Fig. 6A). The same result has been 
obtained in the heart of Entosphenus by Otorii (1953). Relatively high con- 
centrations (about 10-*) were necessary in order to obtain definite responses. 
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The stimulating effect of adrenaline on the heart of Lampetra is decidedly 
weaker than that on the hearts of selachians, teleosts (Fange & Ostlund, 1954), 
or higher vertebrates. 

Noradrenaline. On the isolated Lampetra heart pi-noradrenaline had the 
same effect as adrenaline. Owing to the weak reactions the activity ratio 
adrenaline : noradrenaline could not be established with certainty. 

Heart homogenate. Freshly prepared homogenate of a Lampetra heart 
extracted with a small volume of Ringer’s solution produced the same effects as 
adrenaline or noradrenaline solutions. For the occurrence of catechol amines 
in the Lampetra heart, see p. 271. 

5-Hydroxytryptamine. A slight, positive chronotropic and inotropic effect 
was generally obtained (concentration 10-*). 


Fig. 6. Perfusion of isolated heart of Lampetra fluviatilis. Effect noradrenaline 10-5, A; 
of acetylcholine 2-5 x 10-*, B; 5 x 10-8, C; and 7-5 x 10-*, D. Time in 5 sec. 


Acetylcholine. Otorii (1953) found acceleration of the heart of Entosphenus 
by parasympathomimetic drugs. We found, similarly, that the heart of 
Lampetra was greatly accelerated by acetylcholine and was very sensitive to it. 
Effects were obtained with a concentration of 10-*. In stronger concentrations 
acetylcholine produced, in addition, pronounced increase of tone, irregular 
rhythm, and a tendency for the heart to stop in a kind of systolic flutter or 
fibrillation. The period of acceleration ‘produced by a small dose of acetyl- 
choline was followed by a period of slowing with long diastolic pauses (Fig. 6). 
This subsequent period of bradycardia became more pronounced with higher 
doses of acetylcholine. 

A few experiments were performed on a larval specimen (L. planeri, body 
length about 10 cm) with the heart in situ. In this specimen the heart showed 
a spontaneous frequency of 24-30 beats/min. When a drop of Ringer’s solution 
containing acetylcholine in a concentration of 10~* was placed upon the outside 
of the exposed heart the frequency immediately increased to about 100/min. 
When the acetylcholine was washed away with Ringer’s solution slowing of the 
heart to about 15/min occurred for about 2 min. 
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Propionylcholine and butyrylcholine. The effects were the same as those 
caused by acetylcholine, propionylcholine being slightly more active than 
butyrylcholine (10-’). Only a few experiments were made with these substances. 

Nicotine. Nicotine had the same effect as acetylcholine (Fig. 7) but concen- 
trations about twenty times stronger were needed to produce an effect. 
Tobacco smoke blown gently upon the isolated heart produced the same 
acceleration as addition of nicotine to the perfusion fluid. 


Fig. 7. Perfusion of the isolated heart of Lampetra fluviatilis. Effect of nicotine 0-5 x 10°, A; 
1-0 x 10-*, B; and 1-5 x 10-*, C. Time in 5 sec. 


Fig. 8. Perfusion of isolated heart of Lampetra fluviatilis. Effect of atropine 5 x 10-°, B; and of 
acetylcholine 10-*, A, C and D; at C immediately after several minutes’ perfusion with 
atropine 5 x 10-5; at D during perfusion with cocaine 2 x 10-*. Time in 5 sec. 


Hexamethonium chloride. Perfusion with a hexamethonium solution in 
a concentration of 10~* did not influence rate or amplitude of the heart beats, 
but after a few seconds the responses to acetylcholine were significantly 
reduced. Perfusion for 5-15 min with hexamethonium greatly reduced the 
sensitivity of the heart to acetylcholine so that concentrations about 1000 
times stronger were required to produce an effect. 

Tubocurarine. A few experiments showed that perfusion with tubocurarine 
(10-*) rendered the heart insensitive to acetylcholine. 

Atropine. Perfusion with a concentration of 5 x 10-5 had a negative chrono- 
tropic effect (Fig. 8B). Sometimes atrioventricular block or irregularities of 


‘ 

4 
4 

4 

be 

wi 

j 

q | 

4 

Py - 
> | 
4 


STUDIES ON CYCLOSTOME HEARTS 267 


rhythm occurred. After perfusion with atropine (5 x 10-) for 10 min the heart 
still reacted to acetylcholine (10-*), although the response seemed to be 
slightly reduced (Fig. 8C). According to Otorii (1953), atropine does not 
antagonize the accelerating action of acetylcholine, pilocarpine, and similar 
drugs on the Entosphenus heart. 

Cocaine. In @ concentration of 2x 10-5, cocaine hydrochloride produced 
essentially the same effects as atropine. 


Fig. 9. Perfusion of isolated heart of Lampetra fluviatilis. Effect of eserine 10-*, B; and of 
acetylcholine 10-*, A, C and D; at C during and at D 1 min after perfusion with eserine 10. 
Time in 5 sec. 


Fig. 10. Perfusion of isolated heart of Lampetra fluviatilis. Effect of KCl 10-*, A, and 5 x 10~*, B; 
and of CaCl, +6H,0 2 x 10-4, C, and 4 x 10~*, D. Time in 5 sec. 


Eserine. Perfusion with eserine salicylate in a concentration of 10-*-10~ 
had a slight, positive, inotropic effect. In higher concentrations (10-5-10-*) 
there occurred a retardation of the rhythm (Fig. 9B, C). No enhancement of 
the acetylcholine effect could be observed after treatment of the isolated heart 
with eserine (Fig. 9D). Eserine in high concentration rendered the heart 
insensitive to acetylcholine (Fig. 9C). 

Potassium. Potassium chloride caused initially a brief period of acceleration 
and decrease of amplitude. Large concentrations caused the heart to stop in 
diastole (Fig. 10A, B). 
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Calcium. Addition of calcium chloride caused an increase in the amplitude 
of the contractions and incomplete diastolic relaxation, so that the heart 
contracted in a more systolic position (Fig. 10C, D). Large doses caused 
irregular rhythm and a tendency of the heart to systolic arrest. 


Myzine 

The reactions of the isolated heart of Myzxine to adrenaline, noradrenaline, 
di-hydro-ergotamine, acetylcholine, calcium, and potassium ions have been 
studied by Ostlund (1954) and Fange & Ostlund (1954). 

Pilocarpine, in concentrations 10-*-10-+, is withoat effect. The same had 
previously been found for acetylcholine. 

5-Hydroxytryptamine, in concentrations of 10-*-10-° generally produced 
a slight positive chronotropic and inotropic effect. 


TaBLE 2. Cholinesterase activity expressed in zmole of ester hydrolysed in 30 min by 1-0 g tissue 
(corrections made for spontaneous hydrolysis). Substrates: acetylcholine acety-£- 
ae (MeCh), and butyrylcholine (BuCh) 


Tissue ACh MeCh BuCh 
Haga Heart 9-1 2-0 13 
(Myzxine) Auricle 10-5 2-5 0-5 
Ventricle 76 2-9 13 
Portal heart 10-2 1-8 1-1 
Lamprey Heart 24-6 9-6 18 
(Lampetra) Auricle 10-5 2-5 0-5 
Ventricle 11-2 


TaB_E 3. Cholinesterase activity at various acetylcholine concentrations. 


Activity values as in Table 2. 
Myzxine Lampetra 
concentration Portal Heart Heart 

(™) Heart heart auricle ventricle 
1:10 x 10" 8-0 6-9 3-1 
3-30 x 10° 10-8 71 14-7 6-5 
1-10 x 10% 11-5 9-5 18-2 10-1 
3-30 x 10° 11-7 9-7 21-4 10-8 

Cholinesterase content 


The Sail are given in Table 2. The cholinesterase values for the tissues of 
Myzine are low, those for the tissues of Lampetra somewhat higher. Both types 
of cholinesterase are present in the extracts but the ‘true’ or acetylcholin- 
esterase is probably responsible for most of the activity because of the higher 
rate of hydrolysis of acetyl-8-methylcholine as compared to butyrylcholine. 
This conclusion is supported by the finding that the enzyme activity of the 
crude extracts was not increased by high concentrations of acetylcholine (see 
Table 3), suggesting depression of enzyme activity by high substrate concen- 
tration which is characteristic for acetylcholinesterase. 
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Acetylcholine, choline, and histamine content of heart and brain 
Lampetra. The amounts of reineckate obtained from the heart and brain 
were very small (Table 4). On chromatograms of brain extracts an acetyl- 
choline area could be traced with difficulty and on those of heart extracts this 
area was hardly visible at all (Fig. 11). 


TasBLE 4, Amounts of reineckate precipitate obtained on isolation 
Approx. mg of mg 


number  reineckate reineckates 
Animal Tissue g of organs precipitate per g tissue 
H Heart 13-6 450 240 15-5 
(Myzxine) Portal heart 1-5 — 33-7 22-5 
Lamprey Heart 17-1 110 14 l 
(Lampetra) 
A B 
Solvent front 
0 Brain 
H 
Not visible but 
biologically 
active. 
i @ & |ACh 
Ch 
@ <= Hi 
B B B B B B 
ACh Hi ACh Hi 


Fig. 11. Ascending chromatogram of bases (B) isolated from tissue of Lampetra fluviatilis. 
A, heart; B, brain. ACh =acetylcholine; MeCh =acetyl-#-methylcholine; PrCh = propionyl- 
choline; Ch =choline; Hi=histamine; B = test solution. 


The acetylcholine area of paper chromatograms of brain extracts was 
biologically active in contracting the guinea-pig ileum. The calculated acetyl- 
choline content of the brain was not more than 0-05 yg/g fresh tissue. How- 
ever, the brain may contain, in addition to acetylcholine, another biologically 
active principle precipitable with Reinecke salt. It was not visible on the 
chromatograms, but was detected biologically in an area of the chromatograms 
with the R, interval 0-40-0-48. The nature of this unknown compound was not 
studied owing to lack of material. 

The acetylcholine area for the heart was not active when tested on the 
isolated guinea-pig ileum, nor could a compound differing from acetylcholine 
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in Ry value, similar to that found in the brain, be detected in chromatograms 
of heart extracts (Fig. 11 A). 

Histamine could neither be detected chromatographically nor by bio-assay 
in the heart or brain. | 

Myzine. On the chromatograms for the heart (Fig. 12 A) three areas were 
visible which could be analysed by comparison with pure compounds. The 
most easily detectable substance was that with the lowest Ry (0-16); it could 
be identified as histamine. The compounds with R, 0-37 and 0-28 were traced 
with dipicrylamine as definite but not distinct areas and were identified as 


A 
Solvent front 
Heart Portal heart 
3 | 3 
me 
x x x x x x x x 7 7 x x 
B B B B B x x B B B B B 
ACh MeCh PrCh Ch Ch #Hi ACh Ch Hi 


Fig. 12. Ascending chromatogram of bases isolated from heart of Myzxine glutinosa. A, heart; 
B, portal vein heart. Symbols as in Fig. 11. X test solution (B) treated with alkali before 
chromatography. . 


acetylcholine and choline. When the test solution was pretreated with alkali 
(X in Fig. 12A), the acetylcholine area disappeared and the choline area 
became deeply coloured and pinker. Choline in alkaline solution always 
behaves in this manner. 

_ Structurally the portal vein heart resembles the auricle of the branchial 
heart; it is therefore not surprising that paper chromatograms of its extracts 
reveal the presence of the same compounds, i.e. acetylcholine, choline and 
histamine, as those found in extract of the branchial heart. The chromato- 
graphic results are recorded in Fig. 12 B. 

The acetylcholine and histamine areas from chromatograms of tissue pre- 
parations of branchial heart and portal vein heart were active in contracting 
the isolated guinea-pig ileum. Owing to lack of material it was not possible to 
make an accurate quantitative assay of the active compounds. However, from 
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the bio-assay results the amounts of acetylcholine which could be extracted 
from the heart tissue could be estimated as being approximately 0-01-0-1 yg/g 
fresh tissue, and those of histamine as being a little higher. 


Catechol amine content of heart 

Paper chromatography of 2 g tissue extracts from the auricle of the Lampetra 
heart showed the presence of adrenaline, noradrenaline, and a third substance 
giving a spot with a lower R,» value than adrenaline or noradrenaline. This 
third substance was in all probability identical with ‘catechol-4’ which has 
formerly been demonstrated in interrenal organs of selachians, etc. (Ostlund, 
1954). Besides adrenaline, noradrenaline, and the presumed catechol-4, two 
other substances seemed to occur giving spots which were stained by potassium 
ferricyanide at pH 7-7 (Fig. 13). 
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Fig. 13. Ascending chromatogram of catechol amines from the auricle and ventricle of the heart 
of Lampetra fluviatilis. A, adrenaline; D, dopamine; N, noradrenaline. 1, catechol-4; 
2, noradrenaline; 3, adrenaline; 4 and 5, unidentified substances possibly decomposition 
products of catechol amines. 


With 2g extracts of the ventricle of the Lampetra heart, adrenaline, 
catechol-4 and the two above-mentioned, unidentified substances could be 
demonstrated (Fig. 13) but no noradrenaline. This is consistent with the 
results from the bio-assays (Table 5), according to which the content of 
noradrenaline is much lower in the ventricle than in the auricle. 

In the Myzxine heart noradrenaline, adrenaline, and catechol-4 could be 
identified by paper chromatography. 

In Table 5 the content of noradrenaline and adrenaline for the heart of 
Lampetra is given. The figures were obtained by bio-assay of heart extracts on 
the cat’s arterial blood pressure and on the fowl rectal caecum preparation. 
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The table shows that the heart of Lampetra contains high concentrations of 
catechol amine. In the auricle 41 wg adrenaline and 19 yg noradrenaline were 
found per gram tissue. The table also compares the content of these amines 
with that in the heart of other vertebrates. 


Tasie 5. Content of adrenaline and noradrenaline in heart tissue 
of Lamprey compared with that of other vertebrates 


Nor- Adrena- Adrena- 
adrenaline i 


line _iline per- 
Species Tissue (ug/g) (ug/g) centage Author 
Lamprey (Lampetra) Total heart 5-0 19-1 79 
ay Auricle 19-0 41-2 6s Present paper 
Ventricle 0-8 12-5 95) 

Hagfish (Myzine) Heart 0-83 5-0 86 

Ray (Raja batis) Heart 0-087 0-025 22 

Dogfish (Squalus ac.) Heart 0-049 0-031 39 Ostlund (1954) 

Codfish (Gadus call.) Heart 0-06 0-043 42 

Frog (Rana temporaria) Heart 0-19 0-89 82 

Rat Heart 0-65 0-022 3-2 Hdékfelt (1951 

Rabbit Heart 0-17-0-54 0-045-0-094 8-35 Holz, Kroneberg 
& Schiimann 
(1951) 

Dog Heart 0-14 0-02 15 Raab & Gigee 
(1951) 

DISCUSSION 


With histological methods employed in the present study no trace of nervous 
elements could be detected in the heart of Myaxine, whereas nerve cells and 
fibres appear distinctly in the vagal branches of the intestine. The fibres of the 
ramus intestinalis of the vagus are directed exclusively to the intestine and no 
cardiac nerve is detectable. The results of electrical stimulation of the vagus 
nerve confirm the idea that Myzine is peculiar among the vertebrates in 
possessing no cardiac innervation (cf. Greene, 1902; Carlson, 1904). No 
chromaffin cells could be detected in our preparations of the Myzxine heart. 

In Lampetra application of the same histological methods reveals the exis- 
tence of a distinct cardiac branch from the vagus trunk on each side and a great 
number of ganglion cells, nerve fibres and chromaffin cells in the wall of the 
heart. Among the ganglion cells there can be distinguished a large type and 
a small type, the latter being more abundant. The large ganglion cells 
undoubtedly are real postganglionic neurones. It is questionable, however, 
whether the numerous small ganglion cells are true nerve cells because of the 
impossibility of distinguishing between these cells and chromaffin cells after 
treatment with dichromate. Perhaps the chromaffin cells of the Lampetra 
heart represent from a phylogenetical point of view a primitive type of 
sympathetic (adrenergic) neurone. It is worth mentioning in this connexion 
that in higher vertebrates the chromaffin cells of the adrenal medulla emerge 
ontogenetically from the same source as sympathetic neurones (Bachmann, 
1954). 
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There is also a difference in the response to acetylcholine and certain other 
substances between the heart of Myzine and of Lampetra. Thus the nerve-free 
heart of Myxine does not react to acetylcholine (Ostlund, 1954), whereas the 
richly innervated Lampetra heart is accelerated by it. The richly innervated 
intestine of Myzxine also reacts to acetylcholine which causes its muscles to 
contract (Fange, 1948). The insensitivity to acetylcholine of the Myzine heart 
is reminiscent of conditions in nerve-free embryonic hearts. Armstrong (1935) 
reports that in early stages the heart of the Fundulus embryo does not respond to 
acetylcholine, and other authors have found that although embryonic hearts 
are influenced by acetylcholine they only react to very high doses (Cullis & 
Lucas, 1936; Prosser, 1942). According to Hiatt & Garrey (1943) the turtle 
ventricle, which apparently has no innervation, does not react to acetyl- 
choline. 

The isolated Lampetra heart is not inhibited by acetylcholine as are the 
hearts of higher vertebrates, but instead is accelerated in about the same way 
as the supposedly neurogenic heart of large arthropods such as lobsters 
(Welsh, 1942). Not only acetylcholine but also propionylcholine, butyryl- 
choline, and nicotine give this type of reponse. The problem arises whether 
acetylcholine and similarly acting substances stimulate the cardiac muscle fibres 
directly or whether the observed effects are due to stimulation of ganglion cells 
or chromaffin elements. Hexamethonium in rather high concentration (10-*) 
does not disturb the rhythm of the isolated Lampetra heart but blocks effec- 
tively the effect of acetylcholine. Because hexamethonium is considered to have 
a specific ganglionic blocking property (Paton, 1951), the result indicates that 
acetylcholine acts by stimulation of ganglion cells in the heart. The acetyl- 
choline effect is not blocked by atropine and may thus be characterized as 
a ‘nicotinic action’ rather than a ‘muscarinic action’. Kottegoda (1953) and 
Ginzel & Kottegoda (1954) have found that the isolated auricle of the rabbit 
heart is accelerated by ganglion-stimulating drugs and it has been shown that 
acetylcholine is able to liberate adrenaline-like substances in the mammalian 
heart (Hoffmann, Hoffmann, Middleton & Talesnik, 1945; McNamara, Krop 
& McKay, 1948). It is unlikely that in the Lampetra heart the acceleration 
caused by acetylcholine and nicotine is due to stimulation of the abundant 
chromaffin cells and subsequent liberation of catecholamines, because adrena- 
line and noradrenaline have only a feeble effect on the Lampetra heart. 

The acceleration of the Lampetra heart produced by acetylcholine or by 
vagal stimulation is usually followed by a period of slow rate. A similar 
phenomenon is noticed in teleosteans, where acetylcholine may produce 


alternate periods of acceleration and retardation of the heart (Fange & Ostlund, 


1954, Fig. 4). If the acceleration of the Lampetra heart is assumed to be due to 
stimulation of ganglionic elements (chromaffin cells) the negative after-effect 
- Less be a direct effect of acetylcholine upon the heart muscle fibres. 
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The hearts of Myxine and Lampetra contain strikingly high amounts of 
catechol amines in comparison with the hearts of other vertebrates. The high 
amounts of adrenaline and noradrenaline extractable from the hearts probably 
emanate partly from the muscle fibres, which in both species give a slight 
chromaffin reaction. The fact that the heart of Lampetra contains 4 to 5 times 
more catechol amines per gram than the Myzine heart corresponds well with 
the occurrence of numerous chromaffin cells in the former. It is probable that 
heart muscle fibres are able to absorb catechol amines from the surroundings 
(Raab & Gigee, 1953), but the possibility cannot be excluded that there is some 
production of catechol amines within the muscle cells. At any rate the presence 
of catechol amines in the heart muscle cells may indicate that these substances 
are of importance for the normal activity of the cells. The presence in the 
Lampetra heart, in addition to adrenaline and noradrenaline, of catechol-4 and 
two other substances probably related to catechol amines (3, 4-dihydroxy- 
phenylacetic acid and 3, 4-dihydroxyphenyllactic acid?) indicates that there 
occurs a rapid metabolism of catechol amines in the heart. | 

In both Lampetra and Myzine the isolated heart shows remarkably weak 
and inconstant reactions to adrenaline and noradrenaline. Perhaps the 
weakness of response is dependent upon the fact that the isolated heart is 
already under influence of adrenaline-like substances liberated from its own 
tissue. 

SUMMARY 

1. The heart of Lampetra receives fibres from the vagus nerve reaching the 
heart along the median jugular vein. In the sinus venosus, auricle and ventricle 
there occur two types of cells of presumably ganglionic nature. 

2. No nervous elements could be detected in the heart and the portal vein 
heart of Myzine. 

3. The heart of Lampetra, especially the auricle, contains numerous 
chromaffin cells which appear to be identical with small ganglion cells. No 
corresponding cells were found in the Myzine heart. In both species the heart 
muscle fibres give a weak chromaffin reaction. 

4. In Lampetra stimulation of the vagus produces intense acceleration 
followed by bradycardia. 

5. Stimulation of the vagus, the medulla oblongata, or the large blood 
vessels near the heart of Myzine has no immediate effect upon the rhythm 
of the heart. 

6. The isolated Lampetra heart is accelerated by acetylcholine, butyry)- 
choline, propionylcholine and nicotine. The acetylcholine effect is abolished by 
hexamethonium and tubocurarine but not by atropine. Eserine in high con- 
centration produces a slow rhythm and blocks the acetylcholine acceleration. 

7. The isolated Myzine heart is insensitive to pilocarpine even in large 
concentrations. 
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8. Adrenaline and noradrenaline produce only weak effects on the isolated 
heart of Lampetra and Myzine. 5-Hydroxytryptamine usually has a slight 
stimulatory effect. 

9. The presence of low concentrations of acetylcholine, choline, and hista- 
mine was demonstrated by paper chromatography in extracts from the heart 
and portal vein heart of Myxine. None of these substances could be demon- 
strated in extracts from the Lampetra heart. 

10. A low cholinesterase activity is found in the heart of Lampetra and the 
heart and portal vein heart of Myzine. The enzymic activity is mainly due to 
true or acetylcholinesterase. 

11. The heart of Lampetra contains large amounts of adrenaline and 
noradrenaline, A third substance called catechol-4 and two other substances 
probably related to catecholamines could also be demonstrated. 
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disposal. We also want to thank Prof. U. 8. v. Euler of the Physiology Department of the Karo- 
linska Institute, Stockholm, and Prof. John Runnstrém of the Wenner-Gren Institute, Stockholm, 
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THE REACTIONS OF THE BLOOD VESSELS OF THE HAND 
DURING INCREASES IN TRANSMURAL PRESSURE 


By D. R. COLES anp A. D. M. GREENFIELD 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 27 July 1955) 


The work of Folkow (1949, 1953) on animals has re-directed interest to the 
suggestion of Bayliss (1902) that peripheral vessels react by constriction to an 
increase in transmural pressure. Bayliss pointed out the importance of such 
a reaction in regulating the circulation, and Gaskell & Burton (1953) have 
emphasized its importance in adjusting the circulation to gravity. In the 
human subject it has been shown (Patterson & Shepherd, 1954) that the blood 
flow through the forearm is regularly decreased below the resting level after 
congestion of the veins for 5 min by inflation of a cuff on the upper arm to 
80-110 mm Hg. This reaction was similar in normally innervated, sympath- 
ectomized and totally denervated arms. Greenfield & Patterson (1954) 
observed a local vasoconstriction in the forearm, following exposure of the 
arm to pressures 50 or 100 mm Hg below atmospheric. These reactions may 
represent a continuation of an increase in contractile force in the walls of the 
resistance vessels brought about by increased transmural pressure during 
venous congestion or exposure to subatmospheric pressure. 

Observations on the digital circulation made with the venous occlusion 
plethysmograph on moving a limb to the dependent position (Gaskell & 
Burton, 1953) and during local exposure to subatmospheric pressure (Yamada 
& Burton, 1954) have been considered to indicate a very considerable reduc- 
tion in rate of flow with quite modest rises in transmural pressure. It is 
difficult to rely on this method for measuring flow in the digits when the veins 
are distended, and calorimetric observations in this laboratory have shown 
(Roddie, 1955) that when the arm is moved from the horizontal to the depen- 
dent position the heat elimination from the finger is significantly increased ; 
from this it is deduced that the blood flow also is probably slightly increased. 
Observations of the oxygen saturation of antecubital venous blood (Rosen- 
sweig, 1955) support this conclusion. Roddie’s and Rosensweig’s observations 
suggest that modest increases in transmural pressure lead not to a sustained 
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constriction but probably to a slight dilatation of the resistance vessels in the 
human fingers and in the forearm and hand as a whole. Shanks’s (1955) 
observations that when the venous pressure is raised the rate of heat elimina- 
tion from the fingers is proportional to the arterio-venous pressure difference is 
additional evidence against sustained constriction. In all these cases it is 
possible that during the period of increased transmural pressure an increase in 
contractile foree enables the resistance vessels more or less successfully to 
resist passive dilatation. On sudden reduction of the transmural pressure this 
could lead to the constriction ,observed by Patterson & Shepherd and by 
Greenfield & Patterson. 

In the experiments already reported observations during exposure have been 
confined to the effects of the relatively small increases in transmural pressure 
obtained by dependency or venous congestion. In the present experiments the 
effects of increases of transmural pressure up to 200 mm Hg have been observed. 
Some of these experiments have already been briefly described (Coles & 
Greenfield, 1955). 


METHODS 


The subjects were healthy young men. The main series of observations were made on two trained 
subjects, D.R.C. and A.D.M.G.; supplementary experiments were made on eight medical students. 
The laboratory temperature was between 20 and 22° C. The subject was comfortably seated for 
30 min before observations were begun. He wore normal indoor clothes with the sleeves down. 
Heat elimination was measured simultaneously from both fully dependent hands to calorimeters 
containing 3-5 |. of water in the temperature range 27-32° C. One hand, in a standard calorimeter 
(Greenfield & Scarborough, 1949) remained at atmospheric pressure throughout and served as 
a control; the other (experimental hand) was in a modified calorimeter in which the pressure could 
be reduced as desired (Fig. 1). This calorimeter was fitted with an airtight lid. The experimental 
hand entered through a hole in a sheet of } in. rubber, cut to give a clearance of between 1 and 
2 mm round the wrist. To the edge of this hole was attached a sleeve of rubber 0-7 mm thick; this 
was slightly loose on the arm, but formed an airtight seal with the arm when the pressure in the 
calorimeter was reduced below atmospheric. To prevent the sleeve herniating into the calorimeter 
or dragging on the wrist, and possibly restricting the circulation, a second layer of rubber around 
the lower part of the sleeve was attached by wires to a metal ring which surrounded the arm at 
a higher level. The hands were immersed to about the level of the distal skin crease on the wrists. 
Constancy of depth of immersion was checked in the earlier experiments by reference to a mark on 
the skin of the forearm, and maintained in the later experiments by holding the tip of the extended 
middle finger lightly against a shelf in the calorimeter. It was impossible entirely to prevent 
leakage of air into the calorimeter. The cooling effect of residual leaks on the water in the calori- 
meter was reduced by a baffle, and that on the wrist by a loose celluloid cuff. 

The pressure in the calorimeter was reduced and maintained below atmospheric by a pump 
(Edwards, type IV). A 15 |. air-reservoir prevented sudden changes of pressure. The pressure was 
adjusted by means of a variable leak, and measured by a mercury manometer. There was no 
difficulty in maintaining pressures steady to within + 2 mm Hg. The water in the calorimeter was 
constantly stirred, and its temperature was measured with a thermometer graduated to 0-01° C. 

Experimental procedure. Each experiment was divided into periods of 5 min each. Each 
thermometer was read at minute intervals. Heat elimination from both hands was first measured 
for two periods at atmospheric pressure. During the next minute the pressure in the experimental! 
calorimeter was gradually reduced below atmospheric; the alteration in pressure on the bulb of 
the thermometer was found to affect the reading, and the apparent heat elimination in this 
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minute was discarded. The heat elimination was then measured for two periods with the experi- 
mental hand at a steady subatmospheric pressure. During the following minute the pressure was 
returned to atmospheric and the apparent heat elimination again discarded. The heat elimination 
was often measured for two further periods with both hands at atmospheric pressure; in these 
cases the experimental hand could then be again exposed to subatmospheric pressure. The 
pressures used were 30, 60, 100, 150 and 200 mm Hg below atmospheric. Usually two or three 
different pressures were applied in succession, provided recovery from previous exposures appeared 
to be complete. The pressure differing least from atmospheric was applied first. 


Leak 


rape 
<— 
Reservoir 


Fig. 1. Calorimeter for observations at subatmospheric pressure. 


Determination of the cooling rates of the calorimeters. At the end of most experiments cuffs on 
both arms were inflated to 260 mm Hg for 15 min to arrest the circulation as completely as 
possible. This allowed the core temperature of each hand to come into equilibrium with that of its 
calorimeter, and the cooling rates to be measured after equilibrium had been attained, usually 
about the 8th min. From the 10th min the experimental hand was exposed to subatmospheric 
pressure; this did not alter the cooling rate, showing that air leaks had a negligible cooling effect. 
The cooling rates were usually very small and rarely exceeded 5 % of the rate of rise of temperature 
when the circulation was free. . 

Presentation of results. The aim of the investigation was to study the reactions of the vessels to 
local stress. Inevitably the local stress also resulted in some general alterations in the circulation, 
and even at rest there are continual small adjustments of the peripheral circulation, particularly in 
the hands. To deal with this situation the assumption was made (Greenfield & Patterson, 1954) 
that all general changes act symmetrically, and cause equal percentage (as opposed to absolute) 
effects on the two sides. 


Let Z, be the heat elimination from the experimental hand during the 5 min at atmospheric 

pressure immediately preceding the application of subatmospheric pressure. 

C, be the corresponding heat elimination from the control hand. 

E,, be the observed heat elimination from the experimental hand during the first (or second) 
5 min of exposure to subatmospheric pressure. 

E,, be the expected heat elimination from the experimental hand, had this been unaffected 
by purely local factors. 

C, be the heat elimination from the control hand corresponding to Z,. 
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Then the assumption is that 

Cy C, Cy 
The effect of local factors is to make the heat elimination Z, instead of Z,. The observed heat 
elimination may be expressed, as a percentage of the expected, by the formula 
E,-100 .Cy. 100 

In the present experiments, in which the temperatures of the two calorimeters were usually within 
1° C of each other throughout, the effect of making an allowance for the reduction in heat elimina- 
tion from each volume of blood as the calorimeter temperature rises (Cooper, Cross, Greenfield, 
Hamilton & Scarborough, 1949) was to alter by less than 3 the value of ‘ ee The 
allowance was therefore omitted from the calculations. 


Heat elimination % = 


RESULTS 


Extracts from the protocol of a typical experiment are shown in Table 1. 
From 0 to 10 min heat elimination was measured from both hands at atmo- 
spheric pressure. The period from 5 to 10 min may be regarded as a blank 
exposure of the experimental hand to zero subatmospheric pressure; the 
‘heat elimination %’ for this period can then be calculated as shown in 
Table 1. Results from 10 to 49 min are omitted from the table; from 11 to 
21 min the experimental hand was at —30 mm Hg, and from 33 to 43 min at 
—60 mm Hg. The table resumes at 49 min, with both hands at atmospheric 
pressure. From 55 to 65 min the experimental hand was at —100 mm Hg. 
The calculations of ‘heat elimination °,’ for the first and second 5 min of this 
exposure are shown. The cooling rates of both calorimeters were zero. In the 
formula for ‘heat elimination %’ the water equivalents of the calorimeters and 
contents cancel; the formula can therefore be entered directly with the 
temperature rise in °C per min. If the correction of Cooper et al. (1949) 
for changing calorimeter temperature is applied to these figures, ‘heat 
elimination °° becomes 98-6, 76-5 and 83-5 instead of 99, 78 and 86 
respectively. 

The results of a number of such experiments on the two trained subjects 
are shown in Figs. 2 and 3. The experimental hand of each subject was exposed 
on seven occasions to —30, —60 and —100 mm Hg, and on four occasions to 
—150 and —200 mm Hg. Results, calculated in exactly the same way, are 
also given for blank experiments in which the pressure on the experimental 
hand remained unchanged (0 mm Hg in the figures); the mean of these is, as 
expected, very close to 100%. During the first 5 min of exposure (Fig. 2) there 
was at —30 mm Hg little alteration in ‘heat elimination %’, at —60 mm Hg 
a reduction, and at —100 mm Hg a greater reduction. At —150mm Hg 
‘heat elimination °%,’ was in both subjects increased on some occasions and 
decreased on others. At —200 mm Hg it was invariably increased. During 
the second 5 min of exposure (Fig. 3), at —30, —60 and — 100 mm Hg results 
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were similar to those of the first 5 min. At —150 and — — 200 mm Hg, the ‘heat 


elimination %’ in each experiment was somewhat higher than it had been 
during the first 5 min. 


FS 


Exactly similar observations have been made on eight other subjects; the 
results of these, for the second 5 min of exposure, are shown in Fig. 4. The 
results were similar to those on the two trained subjects, but were more 
scattered. In some subjects at —100 mm Hg the ‘heat elimination %’ was 
increased, in others greatly reduced. No observations were made at — 200 mm 


Hg. 


Sensations. A pressure of: —30 mm Hg was hardly noticed. Pressures of 
—60 and —100 mm Hg caused a feeling of distension, and, for the first minute 
or so, a deep ache. Pressures of —150 and —200 mm Hg caused for the first 
minute or so a feeling of distension and a painful deep ache; the hand then 


Taste 1. Extracts from protocol of a typical experiment 
Left (control) hand Right (experimental) hand 
Temp. rise Temp. rise, 
Thermometer ° C/ Thermometer 10-8 ° 
reading 5 min i 5. min 
27-740 27-600 
28-425 28-210 
28-040 28-665 
Results omitted from 10 to 49 min 
31-325 30-640 
31-565 30-855 a6 
Suction on at — 100 mm Hg 
31-625 165 30-875 a 
31-790 175 30-990 135 
31-965 31-125 
Suction off 
32-000 155 31-170 ve 
32-155 170 31-295 io 
32-325 31-450 
Circulation arrested in both hands 
32-395 31-495 
32-430 31-530 35 
32-438 31-540 
Suction on at —60 mm Hg 
32-440 0 1-535 
32-440 31-535 
Entering the formula; ‘ Heat elimination = 
b*“o 
455 .685 . 100 
Base-line period (5-10 min) $10 B16 = 99. 
115. 240.100 
First 5 min at — 100 mm Hg (55-60 min) =~ 915.165 = 78. 
135.240. 100 
Second 5 min at — 100 mm Hg (60-65 min) -—s15 15 


became fairly comfortable, but progressively tense and stiff. 
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First 5 min of exposure Second 5 min of exposure 


200 200 $20 
#0 
° 
. 
150 + _.150 + 
: 
50 + 50 
0 30 100 150 #8 200 0 3 100 +150 200 
mm Hg below atmospheric pressure mm Hg below atmospheric pressure 
Fig, 2. Fig. 3. 


Fig. 2. ‘Heat elimination %’ from the whole hand during the first 5 min of exposure to sub- 
atmospheric pressure. @, A.D.M.G.; O, D.R.C. Numbers beside symbols indicate values off 
the scale of the figure. All observations were made at one or other of the pressures marked as 
abscissae, but overlapping symbols have been offset sideways. 


Fig. 3. ‘Heat elimination %’ from the whole hand during the second 5 min of exposure to sub- 
atmospheric pressure. Symbols as in Fig. 2. 
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0 30 6 100 150 200 0 30 100 150 200 
m Hg below atmospheric pressure mm Hg atmospheric pressure 
Fig. 4. Fig. 5. 


Fig. 4. ‘Heat elimination %’ from the whole hand during the second 5 min of exposure to sub 
atmospheric pressure. Observations on eight subjects, each of whom is represented by 4 
different symbol. 

Fig. 5. Percentage increase in hand volume measured within 2 min after exposure for 10 min to 

subatmospheric pressure. @, A.D.M.G.; O, D.R.C. 
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Appearances. In some calorimetric experiments the hands were removed 
from the calorimeter as soon as possible (about 1 min) after exposure to sub- 
atmospheric pressure. The control hand, having been dependent for 20 min, 
was a uniform reddish purple. The experimental hand, having been dependent 
for 20 min and subjected to subatmospheric pressure for the second 10 min, 
showed changes as follows: after — 30 mm He, little difference from the control; 
after —60 mm Hg, more deeply coloured than the control; after — 100 mm Hg, 
the hand and fingers were mottled with pale areas in a deep purple background, 
and the hand was somewhat swollen; after — 150 mm Hg, the dorsum of the 
hand was red and swollen, the fingers pale and mottled; after —200 mm Hg, 
the whole hand except the fingers was grossly swollen and bright red, the 
fingers were somewhat swollen and rather pale. The colour reverted to normal 
in a few minutes after the exposures to —30, —60, —100 or —150 mm Hg, 
and in an hour or so after exposure to — 200 mm Hg. The oedema disappeared 
in a few hours. Petechial haemorrhages were rarely seen. 

Volume changes. In some experiments, illustrated in Fig. 5, the volume of 
the hands was measured before entering the calorimeters, and again as soon 
as possible (about 2 min) after exposure to subatmospheric pressure. The 
volumes were measured by water displacement in the narrowest practicable 
vessel, and the hand was immersed until 3 marks spaced round the circum- 
ference of the wrist simultaneously coincided with the water meniscus; the 
standard deviation from the mean of a series of such measurements on the 
same hand was 15% of the hand volume. The measurements show that the 
dependent control hand increased in volume, and that the further increase 
brought about by exposure to —30 or —60 mm Hg was small. The increases in 
hand volume do not directly reflect the volume of oedema fluid, but the 
measurements make it clear that little more oedema fluid collected at —30 
and —60 mm Hg than in the control hand. 

Did the seal at the wrist restrict the circulation? In some experiments an 
artificial circulation (Fig. 6C) was used. This consisted of a tube which entered 
the calorimeter through the lid and left by passing between the wrist and the 
sleeve ; the latter part, or artificial vein, was a thin-walled rubber tube made by 
sealing together the edges of two rubber ribbons. Water under a head of 
pressure of about 20cm flowed freely through this system, whether the 
pressure in the calorimeter was atmospheric or subatmospheric in the range 
~30 to —200 mm Hg. The flow, however, was arrested by the inflation to 
30 mm Hg of a pneumatic cuff applied over the sleeve. This seemed good 
evidence that although the artificial vein was readily compressed the artificial 
circulation was not restricted on application of subatmospheric pressure; the 
position of the artificial vein was at least as vulnerable as that of the real veins. 

In other experiments the wrist only was subjected to subatmospheric 
pressure, the wrist being sealed from the calorimeter by a second sleeve 
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(Fig. 6B). The upper sleeve had the same opportunity to restrict the circula- 
tion as in the normal experiments, but it was found that the application of 
the whole range of subatmospheric pressures was without appreciable effect on 
the ‘heat elimination °/,’ from the hand (Fig. 7). It was concluded that there 
was no appreciable restriction of the circulation at the wrist. 


Fig. 6. A, Normal calorimeter system; B, arrangement for exposure of the wrist only to sub- 
atmospheric pressure; C, arrangement for testing for restriction of the circulation at the 


wrist 
200 200 
150 _150F 
> 
£100--@ - --#-- --+4----- 400 -@-g- ------- -O- - 
: 
= 
* 
0 30 60 100 150 200 — 0 pp 100 150 200 
mm Hg below atmospheric pressure mm Hg below atmospheric pressure 
Fig. 7. | Fig. 8. 


Fig. 7. ‘Heat elimination %’ from the whole hand during the second 5 min of exposure of the 
wrist only to subatmospheric pressure. @, A.D.M.G.; O, D.R.C. 

Fig. 8. ‘Heat elimination %’ from the distal parts of the fingers during the second 5 mi» of 

exposure of the whole hand to subatmospheric pressure. @, A.D.M.G.; O, D.R.C. 
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Observations on the heat elimination from the fingers during exposure of the 
whole hand to subatmospheric pressure. These experiments differed from those 
already described in only two respects. The water-level in the calorimeters was 
reduced to 7 cm above the shelves on which the tips of the extended middle 
fingers rested. A second baffle, with suitable holes to admit the fingers, thermo-_ 
meter and stirrer, was fixed about 1 cm above the surface of the water. The 
results of experiments on the two trained subjects are shown in Fig. 8, and 
differ from the results on the hands (Fig. 3), mainly in the lower values of 
‘heat elimination %’ during exposure to — 150 and —200 mm Hg. 


DISCUSSION 


The observed changes in heat elimination in these experiments could be 
caused in two main ways, alterations in heat clearance and alterations in 
blood flow. 

A. Alterations in heat clearance 


The amount of heat derived from each volume of blood may have been 
altered in three ways. 

(1) Precooling of blood arriving at the hand. As the subjects were sitting 
with the sleeves down in a comfortably warm room fluctuations in the temper- 
ature of the blood arriving at the wrists seem unlikely. Leakage of air past the 
wrist seal, and other events at this seal, may have cooled the blood on its way 
to the hand; such an effect is shown to be negligible by the experiments 
(Fig. 7) in which the wrist was exposed to suction without altering ‘heat 
elimination %’ from the hand. Draughts from leaks may have cooled the non- 
immersed t, but such draughts were not felt subjectively, and the wrist 
was protected by a celluloid collar. Fluctuations in temperature of the 
arterial blood arriving at the immersed part of the hand may therefore be 
neglected. 

(2) Formation of oedema fluid. During the larger reductions in pressure 
much of the arriving blood appeared to remain in the hand as oedema fluid; 
this presumably had ample opportunity for heat exchange. 

(3) Insulation by oedema fluid. The oedema fluid may have insulated the 
circulating blood from the water in the calorimeter. On this point we have 
only indirect. evidence. (a) ‘Heat elimination %’ was generally greater during 
the second than during the first 5 min at — 150 and —200 mm Heg, although 
the oedema was also greater. On the other hand, insulation by oedema fluid 
during the second 5 min may have masked an even larger rise in‘ heat elimina- 
tion %’. (b) The quantity of oedema fluid (Fig. 5) was small after — 60 and 
—100 mm Hg, the pressures at which the ‘heat elimination %’ was reduced. 
It seems unlikely that the oedema can have been responsible for the 
reduction. 
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These considerations make it probable that heat clearance was fairly 
constant and therefore that the ‘heat elimination %,’ reflected reasonably 
accurately the rate of blood flow. 


B. Alterations in blood flow 

The immediate effect of local exposure to subatmospheric pressure is to 
increase the transmural pressure of all the blood vessels without altering the net 
perfusion pressure or the pressures within the vessels (Greenfield & Patterson, 
1954). Subsequent adjustments may modify the transmural pressure, but 
make little difference to the net perfusion pressure. 

Alterations in blood flow in these experiments therefore indicate alterations 
in resistance to flow. Resistance to flow could be varied in three main ways. 

(1) Restriction at the wrist seal. Resistance might arise at the airtight seal 
between the wrist and the sleeve of the calorimeter. This has been excluded 
(Figs. 6, 7). 

(2) Compression by oedema fluid. Accumulation of oedema fluid may raise 
the tissue pressure, and so compress the vessels, and raise resistance. On 
theoretical grounds, the mean tissue pressure during exposure to subatmo- 
spheric pressure may be expected to approach but not to exceed the normal 
mean tissue pressure, and so to be incapable of causing compression of the 
blood vessels. On reverting to atmospheric pressure the mean tissue pressure 
rises, and may be sufficient to compress blood vessels. These theoretical con- 
siderations may be based on an over-simplification, and so be misleading. The 
following observations are therefore of value. (a) At —60 and —100 mm Hg, 
at which pressures blood flow is most reduced, there is little accumulation of 
oedema fluid. (6) After exposures to —150 and —200 mm Hg, ‘heat elimina- 
tion %,’ continues at a high level, well above 100. Had tissue pressure risen 
sufficiently to compress the vessels during exposure, it would presumably have 
sufficed to occlude them immediately afterwards. 

(3) Reactions of the resistance vessels. Resistance to flow may be altered by 
changes in the calibre of the resistance vessels due to active contraction or 
passive distension. It is suggested that such changes are primarily responsible 
for the alterations in ‘heat elimination %’ now reported. When the trans- 
mural pressure of the vessels of the dependent hand is increased by exposure 
to —60 or —100 mm Hg, there is a moderate constriction of the resistance 
vessels, and when it is increased by exposure to — 150 or —200 mm Hg there 
is usually a large dilatation. 

It is uncertain at present whether the differences between the fingers and 
the whole hand (Figs. 3, 8) are due to local differences in the behaviour of the 
vessels, or to some interference in the hand with the vessels supplying the 
fingers. 
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General discussion 


When the hand is lowered from the horizontal to the dependent position, 
the calculated increase in transmural pressure in the blood vessels in the 
fingers is about 56mm Hg. When the pressure on the dependent hand is 
reduced below atmospheric the further increase in transmural pressure in the 
blood vessels is, approximately, equal to the pressure reduction. 


cm below sternal angle 


4 
410. 
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3 0 30 60 100 150 200 : 
mm Hg below atmospheric pressure 


0 00 200 
Calculated increase in transmural pressure (mm Hg) 

Fig. 9. Average values of ‘heat elimination %’. ©, Roddie’s (1955) observations on fingers 
supported at various distances below the sternal angle (top horizontal scale and left ordinate 
scale). @, present observations on the dependent whole hand and A, on the dependent 
fingers during exposure to subatmospheric pressure (lower horizontal scale and right ordinate 
scale), Detached horizontal scale shows the total calculated increase in transmural pressure 
relative to the horizontal position for all observations, and takes account of both position and 


local subatmospheric pressure. 


Observations by Roddie (1955) on the effect of lowering the arm on the 
heat elimination from the fingers are shown in Fig. 9. This figure also shows 
the means of the results now reported on the heat elimination from the whole 
hand and from the fingers when the whole hand is exposed to subatmospheric 
pressure. The figure is so arrangéd that the abscissae represent calculated 
transmural pressure relative to the transmural pressure when the arm is held 
horizontally. The scales of ‘heat elimination °%/,’ have been adjusted so that 
observations coincide at atmospheric pressure with the arm dependent. 

On increasing the transmural pressure by amounts up to about 90 mm Hg 
the ‘heat elimination %’ is increased. At increases of transmural pressure of 


120 and 150 mm Hg, the ‘heat elimination %’ is perhaps slightly decreased. 


At 200 mm Hg or more, the ‘heat elimination %,’ is greatly increased. 
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If the arguments already put forward for deducing changes in blood flow 
and in calibre of the resistance vessels are accepted, it may be concluded that 
there is no very considerable alteration in the rate of flow or vessel calibre 
until the transmural pressure is increased by more than 150 mm Hg. If finer 
differences are sought, there is some evidence that the smaller increases in 
pressure cause a small increase in flow, and that increases of 100 and 150 mm 
Hg cause the flow to revert to or even to fall a little below the basal value. 

From this it seems clear that there is a local reaction tending to stabilize 
resistance, and opposing, more or less successfully, passive distension of the 
resistance vessels within this range of pressures. The present observations 
throw no light on the mechanism of such a reaction. The increased circulation 
with very high transmural pressure may represent an inability of the resist- 
ance vessels to maintain size in spite of contraction, or may perhaps be a 
reaction to injury. 

SUMMARY 

1. Heat elimination from the fully dependent hands has been measured 
during exposure of one hand to subatmospheric pressures of — 30, — 60, — 100, 
— 150 and —200 mm Hg for periods of 10 min. 

2. The results have been adjusted to allow for general changes in the 
circulation revealed by the observations on the control hand. 

3. During exposure to —30 mm Hg there was no significant change. 

4. During exposure to —60 and —100 mm Hg heat elimination was 
reduced. This is considered to indicate a reduction in the rate of blood 
flow brought about by a constriction of the vessels mainly responsible for 
resistance, in response to an increase in the transmural pressure in some or all 
of the vessels in the hand. 

5. During the application of — 150 mm Hg the response was variable, heat 
elimination being sometimes increased and sometimes decreased. 

6. During the application of —200 mm Hg, the heat elimination from the 
whole hand was always increased, and often greatly so. This indicates a dilata- 
tion of the resistance vessels. 

7. It is concluded that there is a local response tending to stabilize the 
blood flow while the transmural pressure is increased by amounts up to 
150 mm Hg. The present observations throw no light on the mechanism. 
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ON THE CAPACITY AND DISTENSIBILITY OF THE BLOOD 
VESSELS OF THE HUMAN FOREARM 


By A. D. M. GREENFIELD anp G. C. PATTERSON 
From the Department of Physiology, The Queen’s Unwersity of Belfast 
(Recewed 3 August 1955) 


A large body of information has been accumulated by many workers on the 
rate of blood flow through various parts of the peripheral circulation, and the 
means by which this is regulated. Careful observations have also been made of 
the pressure-volume characteristics of arteries and of veins, both by direct and 
by indirect methods, in man and in animals. There is, however, very little 
information about the ability of the peripheral vessels as a whole to hold 
blood, and the way in which this may alter, particularly when the peripheral 
resistance is changed. The present paper describes experiments in which 
changes in capacity have been measured in parallel with changes in flow rate 
through the human forearm. These experiments have already been briefly 
described (Greenfield & Patterson, 1955). 


METHODS 


The subjects were all healthy young men. They wore normal indoor clothing, and were recumbent 
for at least half an hour before observations were begun. The laboratory was at 20-22° C. 
Capacity was measured by adding the increase in volume observed when the forearm was sub- 
jected to subatmospheric pressure to the decrease in volume when it was subjected to an external 
pressure of 200 mm Hg above atmospheric. For these observations it was necessary to employ 
a new form of pressure plethysmograph. Pressure plethysmographs have been used by Krogh, 
Landis & Turner (1932), Landis & Gibbon (1933) and Kitchen (1953) to measure the ‘reduced arm 
volume’, alterations in which are usually considered to be mainly due to changes in the amount of 
tissue fluid. A pressure plethysmograph was also used by McLennan, McLennan & Landis (1942) 
in an elegant study of the pressure-volume relationships of the forearm when exposed to external 
pressures ranging from atmospheric to a pressure just below arterial. In all these cases the same 
system was used for the application of pressure and the measurement of volume. The seal between 
the instrument and the tissues was, by great ingenuity, made strong enough to resist the applied 
pressure, yet sufficiently flexible to cause no interference with the circulation. On the application 
of pressure there was distortion of the seals and of the tissues. The seal, but not the tissue, dis- 
tortion can be allowed for. By assuming that throughout any one experiment at any one pressure, 
the seal and tissue distortion remains constant, changes in reduced arm volume can be followed. 
Measurement of shifts of blood into or out of the arm, however, cannot be made with the same 
certainty except within the limited range of pressures employed by McLennan e¢ al. (1942). 
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It was decided, therefore, to make the volume measurements with a plethysmograph of the 
normal type used for venous occlusion plethysmography, and to enclose this and most of the arm 
in a large tank, the pressure in which could be varied. By arranging for the pressure changes in 
the tank to be communicated to the water filling the plethysmograph, applied pressure causes no 
distortion either of the flexible parts of the plethysmograph, or of the arm where it enters and 
leaves the plethysmograph. The arm is, of course, distorted where it enters the enclosing tank 
whenever the pressure in the tank differs from atmospheric, but this distortion does not extend to 
the part of the arm within the plethysmograph. 

The seal between the arm and the tank must constrict the arm as little as possible, but need not 
be completely airtight. It is therefore made in a form which tightens against the arm by a valve- 
like action when the pressure in the tank differs from atmospheric, but which is perfectly loose at 
other times. The tank is made as small as possible, to reduce the time required to vary the 
pressure. A pump is run continuously while pressure is to be applied, the pressure in the tank 
being adjusted by a variable leak. The leak is temporarily closed during the build-up of pressure. 

During the application of pressure the change of volume of the limb in the plethysmograph is 
read directly from the position of the water meniscus in an inclined tube outside the tank. 
Changes of volume before or after the application can also be recorded by a float recorder writing 
on a kymograph in the usual way. 

The apparatus has been used in two ways: 

Method 1. Volume changes were observed during the application of pressure cycles, first with the 
circulation free and secondly with the circulation arrested by a cuff very close to the point of 
entry of the arm into the tank. The volume changes with the circulation arrested were considered 
to represent movement artifact. It is essential that the movement artifact should be reproducible, 
and it is desirable for it to be as small as possible. The movement of the arm relative to the tank 
was reduced as much as possible by suitable fixation in plaster casts. The plethysmograph was 
mounted on a slung platform inside the tank, so that it was free to follow the small residual 
movements of the arm. 

Method 2, The arm was exposed to subatmospheric pressure, and just before the end of the 
exposure the circulation was arrested by a cuff very close to the point of entry of the arm into the 
tank. The tank was returned to atmospheric pressure. The decrease in volume on release of the cuff 
was then measured. The whole cycle of procedures was then repeated with a pressure above 
atmospheric. The volume artifact on inflation and deflation of the cuff was shown in every 
experiment to be extremely small. Movement artifacts were thus avoided during the measure- 
ment of the changes in volume, as in the experiments of McLennan et al. (1942). 


Details of the apparatus 

The tank, Z (Fig. 1), is constructed of 0-5 in. multi-ply wood, the joints reinforced inside by 
1x 1x } in. angle-iron bedded down in ‘Sealastik’ and held in position with bolts at 8 cm centres. 
The internal dimensions are: length 45 om, breadth 20 cm, depth 25cm. An angle-iron frame 
bolted to the outside 0-5 om below the top rim is threaded to hold screws at 6 om centres. The lid 
is made of similar plywood, and has a rubber gasket let into its undersurface, and the rim is 
pierced with holes to fit over the screws. It is held in position by wing nuts. The lid has a central 
Perspex window. A hole in one end of the tank, 10-5 cm diameter, and with its centre 10-5 cm 
above the floor, admits the arm. A rubber diaphragm, ¥, 6 mm thick, is held by wing nuts 
between a brass plate and the wall of the tank. This diaphragm has a hole slightly larger than the 
subject’s arm, and to each face close to the margin of the hole is attached a sleeve of rubber sheet 
0-7 mm thick and 8 om long. The distal sleeve is coned to fit the arm and provided with a fringe of 
rubber sheet 2 cm long and 0-2 mm thick. Crape bandages are very loosely applied over the ends — 
of the sleeve both inside and outside the tank. The sleeves become sufficiently airtight by valve 
action whenever the pressure in the tank is varied from atmospheric, but at other times are 
slightly loose on the arm. A fine polythene tube with one end,open to the atmosphere is passed 
between the arm and the upper sleeve; this prevents the build-up of pressure under the sleeve at 
certain stages of the experiments. 


19-2 


| 
e 
2) 
val 
ne 
on 
is- 4 
re, 
ad. 
ne 


292 A. D. M. GREENFIELD AND G. C. PATTERSON 


The plethysmograph, K, is of the type described by Barcroft & Edholm (1945), except that it is 
provided with a through and through cuff of rubber 0-2 mm thick (Krogh ef al. 1932; Landis & 
Gibbon, 1933) which is a slightly loose fit on the arms both longitudinally and circumferentially. 
It is wound with resistance wire and heated by current at a low voltage controlled from outside 
the tank. The temperature registered by the thermometer, H, is read through the window in the 
lid of the tank. This method of heating makes it unnecessary to stir the water in the plethys- 
mograph. The plethysmograph rests on a horizontal platform suspended just above the floor of 
the tank by links 20 em long. The plethysmograph is thus free to move horizontally with the arm, 
and during the application of Method 1 it is constrained to do so by an attachment which grasps 
the wrist. This consists of two rubber-clad rods, 1-3 cm diameter overall, which are closed on the 
wrist immediately distal to the styloid processes of the radius and ulna, and are rigidly connected 
to the plethysmograph. The top outlet, J, of the plethysmograph is connected by a rubber tube, 


w pressure reservoirs 
———__ To manometer 


Vv 


P. _ 10 pressure reservoir 


G 


\ 


\\ 


Fig. 1. Plethysmograph and pressure tank. 


P, and brass tube, R, to a calibrated sloping tube, 7. All these connexions have an internal 
diameter of at least 1-6 cm, and they slope steadily from J to 7' so that no bubbles of air can be 
trapped in them. Tube 7’ is of glass 45 cm long and about 1-7 cm internal diameter, and the end to 
which C is attached is 5 cm higher than the other. During experiments the plethysmograph and 
connecting tubes and part of 7' are filled with water to the exclusion of all air bubbles, and the 
position of the meniscus in 7’ is read on a scale on the top surface, calibrated in ml. This calibration 
is checked at intervals by running a measured volume of water into the system through S, the 
circulation to the arm being arrested as described later. In this way the calibration takes account 
of the effects of the small increase in hydrostatic pressure as tube 7' fills up. 

The tube 7' connects by the air-filled tube, C, which is provided with a water trap, to the tap 4. 
During pressure application A is turned so that CO connects with B, and the air in the tank com- 
municates with that over the water in the plethysmograph system, thus relieving the latter of all 
stress. When the pressure in the tank is the same as room pressure, A is turned to connect ( to 
a float-type volume recorder; blood-flow observations can then be made in the normal way. 

When subatmospheric pressures are applied, movement of the arm into the tank is prevented 
by a plaster cast, V. This is arranged so that the wrist is slightly flexed. The flexion tends to 
increase when the arm is sucked in, but this is prevented by the plaster slab supporting the dorsum 
of the hand, and a lip of plaster at the first interphalangeal joints. A substantial ‘heel’ behind the 
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knuckles ensures the stability of the cast. Casts are made individually for each person. When 

above atmospheric are applied, the thrust is taken by a plaster cast, D, fixed to a frame 
rigidly attached to the tank. A cast is made for each subject, and is virtually the top part of 
a plaster bed. It extends from the back of the neck to below the scapulae, over the top of the 
shoulders to the clavicles in front, and down the side of the non-experimental arm half-way to the 
elbow. 

Pressure is varied by type IV (W. Edwards and Co.) vacuum and compressor pump, X. Short 
wide-bore hose connexions from the positive and negative pressure terminals end in conical 
connectors, either of which can be plugged into the stout rubber tube, W. A short wide pipe from 
this leads to the tank. A side arm, V, ending in a rubber tube which can be adjusted by a screw 
clip, provides the variable leak. By plugging the appropriate connector into W, and closing V with 
the fingers, the pressure is quickly raised or lowered to the desired level, and on releasing V, the 
pressure is maintained by a suitable setting of the screw clip. A pressure of 100 mm Hg above or 
below atmospheric can be reached in 1-5 sec. Unplugging at W returns the pressure in the tank to 
atmospheric almost immediately. 

Method 1. The movement artifact was measured by application of pressure with the circulation 
to the arm arrested. To obtain satisfactory arrest of the circulation three cuffs were necessary, one, 
M, on the wrist, and two, # and G, on the arm. The cuff G, inside the tank prevented the exchange 
of blood between the vessels in the plethysmograph and those outside the tank, but was insufficient 
entirely to prevent arterial inflow to the forearm. A third cuff, Z, was therefore also required. 
All cuffs were inflated to 300 mm Hg. 

Method 2. Typical observations by this method are shown in Fig. 2. Towards the end of the 
exposure to altered pressure in the tank, the circulation was arrested by inflating cuff Z to 
250 mm Hg. Fifteen seconds after the tank had reverted to atmospheric pressure, the movement 
artifact being now complete, the cuff 7 was released. The arm volume returned at first rapidly 
and then more slowly towards normal and became steady in 2 min. The change in volume from 
the moment of release to the arrival at the steady state represented the sum of the volume of 
blood entering or leaving the arm, and the small movement artifact due to deflation of the cuff. 
The artifact is difficult to measure exactly; in every experiment the cuff Z was rapidly inflated 
and deflated during the steady state, and the volume shift was rarely greater than 0-:15%; from 
this it is concluded that the cuff artifact was probably small compared with the quantities being 
measured, 

The circulation was arrested at the wrist throughout these observations. In any one sequence 
the pressure in the wrist cuff, M, was varied so that it (a) was never less than 200 mm Hg above 
atmospheric pressure, and (b) always exceeded the pressure in the tank by a constant amount of 
200 mm Hg or more. The pressure in the cuff was quickly varied by connecting it in turn to large 
air reservoirs at the appropriate pressures. 

The cuff G was omitted in method 2. Had cuff G been used as well as cuff Z to arrest the move- 
ment of blood after release of the pressure in the tank, it would have prevented exchange of blood 
between the part of the arm in the tank and the segment of arm between the tank and cuff Z. 
However, in the interval between the release of tank pressure and the release of cuff Z, the volume 
of the contents of the plethysmograph quickly settled to a steady value; had there been an 
exchange of a significant quantity of blood, the final stages of the exchange would most probably 
have disturbed this steady value. The use of a cuff at @ was found in preliminary experiments to 
involve a large deflation artifact, and it was impossible to test whether this artifact was constant 
under the varied conditions of collapse and distension of the blood vessels. 

Comparison of methods 1 and 2. In two subjects the increase in volume of the forearm on 
exposure for 1 min to a pressure of — 100 mm Hg was measured alternately by methods 1 and 2. 
On another occasion, these observations were repeated at +200 mm Hg (Table 1). The good 
agreement of the two methods gave confidence in both of them. As method 2 was the quicker, 
and the more comfortable for the subject, this method was employed for all the subsequent 
observations. The unusually large decrease in volume in G.C. P. on exposure to +200 mm Hg was 
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probably due to some venous congestion. Greater care was taken to avoid congestion in sub- 
sequent experiments; in these the position was adjusted before making observations until 
inflation of cuff Z to 15 mm Hg caused a significant increase in forearm volume. 


TasLx 1. Comparison of forearm volume changes during exposure to pressures of — 100 and 
200 mm Hg measured by methods 1 and 2. Volume changes are expressed as ml./100 ml. of 
forearm tissue 


— 100 mm Hg 200 mm Hg 
Subject Method Method2  Method1 Method 2 

A.D.M.G. 3-36 3-10 1-90 2-30 
— 3-00 3-04 2-20 2-00 
3-60 3-60 1-38 1-82 

3-64 3-84 — deme 
Average 3-40 3-40 1-82 2-04 
G.C.P. 3-76 3-84 3-76 3-40 
3-08 3-10 4-20 4-00 
3-60 4-16 4-76 3-76 
4-10 4-05 4-36 4-20 
Average 3-63 3-79 4-27 3-84 


Definitions of capacity and mobile resting blood volume 

Capacity is defined as the volume change on exposure for z min to — y mm Hg plus the volume 
change on exposure for z min to +z mm Hg. Capacity is expressed as a percentage of the resting 
volume of the forearm, and is indicated by the symbol ,C+5. It is composed of two parts, ,C_! 
and ,O+§. The latter is referred to as the ‘mobile resting blood volume’. In most experiments 
has been measured. 

RESULTS 
A. Preluminary experiments 

Typical measurement. Fig. 2 shows the readings of the water-level in the 
sloping calibrated tube at 15 sec intervals during a single measurement of 
,C+388 . The four readings used for the measurement are plotted as solid circles, 
the other readings are plotted as open circles. Vertical lines represent the 
volumes ,C_% and ,Ct§™. The total of these quantities, the capacity, ,C+? 
is represented by the vertical line at the right of the figure. 

On exposure to —100 mm Hg and to +200 mm Hg the rate of change of 
apparent volume was at first very rapid, but towards the end of the minute it 
became much slower. The apparent volume, 3 min after exposure to — 100 mm 
Hg, had almost but not quite returned to its initial value. At the end of the 
observations, 3 min after exposure to +200 mm Hg, the apparent volume 
was within 0-5 ml. of its initial value. 

Reproducibility. Fig. 3 shows a sequence of six such measurements of 
capacity, ,C+#0§, at intervals of 13-15 min. The conditions were kept as con- 
stant as possible, and the plethysmograph temperature was 34-35° C. At the 
end of the series the apparent volume of the forearm was scarcely changed, 
there being a decrease of 2-5 ml. In this and other experiments it was found 
that the first measurement was less than those that followed. The cause is not 
known; it may be that the vessels become ‘loosened’ by their first distension. 
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Fig. 2. Readings on the calibrated tube showing apparent changes in volume during one observa- 
tion of ,C+?83 by method 2. The readings used in measuring this quantity are represented by 
solid symbols. Between the broken lines the arm was exposed to the pressures shown. Over 
the periods indicated by the hatched rectangles the cuff, 7 (Fig. 1), on the upper arm was — 
inflated to 250 mm Hg to arrest the circulation. Changes in volume are expressed as per- 
centage of the resting volume by reference to the scale at the right. The length of the vertical 
lines indicates the values of the quantities mentioned. 


G.C.P. G.C.P. A.D.M.G. 
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Capacity (volumes %) 
Capacity (volumes %) 


> 4 + 1 
‘et 
Sequence of observations Sequence of observations 
Fig. 3. Fig. 4. 


Fig. 3. Six measurements of capacity at intervals of approximately 15 min. Values of ,O+#% are 
indicated by the upper cross-bars, and of ,C+}” by the lower bars. 

Fig. 4. Measurements of capacity at intervals over a period of 4 months and on two subjects. 
Values of ,C'+998 are indicated by the upper cross-bars, and of ,C +} by the lower bars. 
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Measurements after the first were reasonably constant. It was decided, there- 
fore, to discard the first measurement of capacity in all the remaining experi- 
ments reported in this paper. 

Fig. 4 shows, for two subjects, measurements of ,C +70 made under the same 
conditions, but on different days spread over a period of 4 months. Each 
result is the average of two to six measurements made on the same day. 


Hi 
he i 
+200 
3 
1 min per division 
crm 
_4 = 100 crm 
1 —100 
] 
and 
a 
+200 
a 1o | 
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Fig. 5. Apparent changes in, forearm volume, expressed as percentage of the resting volume, 
during observations of ,C+?88 and of ,C+?88 (mean of two experiments). Other conventions as 

in Fig. 2. 


The effect of prolonged exposure to pressure. Fig. 5 shows the apparent 


changes in volume as a percentage of the resting volume during a single 
measurement of ,C+ i$), and also the mean of the readings during two measure- 


ments of ,C+%%8 ; of the latter, one preceded and one followed the measurement 
of ,Cti}. The apparent volume continued to increase at a small steady rate 
after the first min of the 4 min exposure to — 100 mm Hg, and to decrease at 
a smaller steady rate after the first min of the 4 min exposure to +200 mm Hg. 
Nevertheless, the values of capacity derived from 1 and 4 min exposures 
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differed only slightly. In subsequent experiments, exposure to pressure was 
limited to 1 min except in a few cases where a low rate of inflow delayed filling 
of the arm; in these, exposure was prolonged (usually for 15-30 sec) until the 
apparent volume was changing by less than 0-2°% per 15 sec. 

The pressure-volume curve of the forearm. In these observations, measure- 
ments were made of ,C+200, +200. 
C12? and ,O0+3%)- The results (Fig. 6) show that the increase in volume with 
—200 mm Hg is only about double that with —25 mm Hg, and only slightly 
more than that with —100mm Hg. Thus a small increase in the normal 
transmural pressure in the blood vessels causes a large increase in arm volume. 


o 
T 


uw 
T 
° 


Capacity (volumes %) 


of 


Fig. 6. Pressure-volume curves of the forearm. Solid circles, G.C.P.; open circles, A.D.M.G. The 
lower symbols indicate mobile resting blood volume, ,C*+3®. The upper symbols indicate 
capacity, ,C+2, the values of x being indicated on the abscissa. 


Comparison of the volume changes caused by suction and by venous congestion. 
Fig. 7 shows an experiment in which the apparent forearm volume was 
measured before, during and after alternate exposures to —50 mm Hg for 
2min and venous congestion brought about by inflation to 50mm Hg of 
& pneumatic cuff on the upper arm. The values of ,C_§, were 3-92 and 4-13. 
The percentage increase in volume at the end of 2 min periods of venous | 
congestion were 3-45 and 3-58. Suction, which as a first approximation in- 
creases the transmural pressure equally in all vessels, therefore caused a 
change in volume only slightly greater than venous congestion, which in- 
creases the transmural pressure mainly in the veins and capillaries. 

Capacity following severe distension. Two experiments were performed 
(Fig. 8) to see whether, following a severe distension, the capacity, as measured 
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with a moderate distending force, was altered. ,C+3}° was measured repeatedly, 


and measurements of ,O+?8 and were interposed 
results show that exposure for 1 min to — 100 or —150 mm 
effect on the value of ,C+32° measured 12-14 min later. 


in the series. The 
Hg has little if any 


H ; Congestion, q —50 
Lig 
5 
Time (min) 


Fig. 7. Changes in volume during venous congestion for 2 min induced by a cuff at 50 mm Hg, 
and apparent changes in volume during exposure for 2 min to — 50 mm Hg. The increases in 
volume at the end of the 2 min periods are indicated by the vertical lines; these are based on 


the measurements represented by the solid symbols. 
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Fig. 8. Measurements of capacity on two subjects at intervals of approximately 15 min. Values 


and of ,0*+}” by the lower bars. 


of ,C +2 are indicated by the upper bars (the value of —z being indicated above each bar) 
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Effects of ewposure to + 200 mm Hg. The question arises whether exposure to 
+200 mm Hg empties the blood vessels completely, empties them of all but 
a constant residual amount of blood, or leaves them with a variable amount of 
blood. 

(1) Inspection shows that the forearm and hand blanch during the exposure, 
but that local pressure, particularly over the nails, causes further local 
blanching. This makes it unlikely that all the blood is squeezed from the 


(2) Measurements have been made of ,C+?” under normal conditions, and 
during venous congestion produced by inflating a cuff on the upper arm to 
30 mm Hg (Table 2). During congestion, the value of ,C+?” was increased by 
almost exactly the amount of the increase in limb volume brought about by 
the congestion. That is to say, the application of a pressure of +200 mm Hg 
emptied the congested arm as effectively as the non-congested arm. 


TaBLeE 2. Volume changes as percentage of resting volume, on application of venous congestion 
and on application of a pressure of 200 mm Hg to the normal and to the congested forearm 


Expt.1 Expt.2 Expt. 3 


a. Volume increase during congestion 2-0 2-35 2: 
b. ,C+3 during congestion 3:3 3-7 4-1 
c. b—a 13 1-35 1-55 
d. without congestion 1-25 1-2 1-3 


From this it appears that while +200 mm Hg does not squeeze out all the 
blood, the residual amount of blood is not altered by mild degrees of venous 
congestion, such as might result from the pressure of cuffs and sleeves. 


B. Observations on capacity at various levels of local pervpheral 
resistance to blood flow 

A decrease in the peripheral resistance to blood flow (‘vasodilatation’) was 
brought about by three different methods: (a) by directly heating the fore- 
arm, (b) by warming the subject to release sympathetic vasoconstrictor tone, 
and (c) by exercising the forearm muscles. It is very probable that these three 
methods differ in their relative effects on the muscular and cutaneous blood 
vessels. 
- Local heating. In six experiments, each on a different subject, measure- 
ments of ,0+38 were made at intervals of 13-16 min. Measurements of the 
rate of blood flow were made before and after each measurement of capacity. 
The temperature of the water in the plethysmograph was initially 33-34° C., 
and was slowly increased during about 1 hr to 45° C. Fig. 9 shows the results 
of a typical experiment. While the blood flow progressively increased from 
4-4 to 13-8 ml./100 ml./min there was little alteration in capacity, and only 
a small increase in mobile resting blood volume. Fig. 10 summarizes the 
results of this and the other five similar experiments; in plotting the blood 


y 

part. 

iss 

on 


300 A. D. M. GREENFIELD AND G. C. PATTERSON 


flow corresponding to each measurement of capacity it was assumed that 
between measurements of flow the flow changed at a constant rate. 

In three similar experiments on three of these subjects, ,C+?3° was measured 
before and during local heating. The results (Fig. 11) showed a small increase 
both in capacity and mobile resting blood volume as the flow increased. 
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Fig. 9. Effect of directly heating the forearm on the blood flow and the capacity. Values of ,('+?° 
are indicated by the upper bars, and of ,C'+}® by the lower bars on the vertical lines. Solid 
circles represent observed rates of blood flow, and the dotted lines the assumed rates between 
observations. 


General heating. The same six subjects were used. The plan of these experi- 
ments was similar to that of the experiments on local heating. There were two 
points of difference, however. The plethysmograph was kept at 34-35° C. The 
subject, after the first observations of flow and capacity, was wrapped in 
blankets, and heated by immersion of the feet and legs in stirred water, the 
temperature of which was progressively raised to about 44° C. The effect of 
this was to increase the rate of blood flow very greatly, but (Fig. 12) the 
capacity, ,C+?%3, and the mobile resting blood volume were only slightly 
increased. 

Exercise of the forearm muscles. The subject rhythmically squeezed a rubber 
bulb 38 times per min for 1 min. The bulb contained water, and was connected 
to a vertical glass tube 1 cm in internal diameter in-which the water-level was 
raised 40 cm at each squeeze, the resting level being 20 cm above the bulb 
(Patterson & Shepherd, 1954). Following such exercise the blood flow through 
the forearm is increased about three- to fourfold, returning to normal in about 
3 min; the pattern of blood flow was very similar on different occasions. 
Because of the brief increase in the blood flow, it was necessary to measure 
,C*§™ and ,C_f{y on separate occasions, each measurement immediately 
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Fig. 10. Observations on six subjects, each represented by a separate symbol, showing the 
relationship of capacity to blood flow during direct heating of the forearm. Upper symbols 
show values of ,;0+?88. Lower symbols show values of ,C*}*. 
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Fig. 11. Observations on three subjects, each represented by a separate symbol, showing the 
relationship of capacity to blood flow during direct heating of the forearm. Upper symbols 
show values of ,('+2. Lower symbols show values of ,C*%”. 
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following a period of exercise. Because the resting volume of the arm is not 
constant, but usually slowly declines in the first few minutes after exercise, 
the value of ,C_% » overestimates the volume increase during suction, and 
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Fig. 12. Observations on six subjects, each represented by a separate symbol, showing the 


relationship of capacity to blood flow during general heating of the subject. Upper symbols 
show values of ,C +988. Lower symbols show values of ,C'+}. 
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Fig. 13. Measurements of capacity on three subjects under resting conditions (R) and immediately 
following rhythmic exercise (Ex). Values of ,C+?§ are represented by the upper bars, and of 
,C*} by the lower bars. 


,C+2 underestimates, by an equal amount, the volume decrease during com- 
pression. These effects cancel when the two values are added to obtain ,0+?%). 
It can be seen (Fig. 13) that the capacity, ,C+#8, and mobile resting blood 
volume, ,C+§” (which is underestimated), are both slightly greater immedi- 


ately after exercise than in the resting state. 
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DISCUSSION 


The changes in volume of the segment of forearm enclosed in the plethysmo- 
graph in these experiments could be due to: (a) gross movement, (b) deforma- 
tion of tissues, (c) alteration in the amount of tissue fluid, or (d) alteration in 
the amount of blood within the blood vessels. 

In observations by method 2 there were no gross movements from pressure 
changes in the tank between readings of volume. The only cause of deforma- 
tion of tissues during the measurement of change of volume was the deflation 
of the occluding cuff. Once resting volume had been attained, the temporary 
reinflation of this cuff (Fig. 2) caused only a very small increase in volume. 
This increase represented not only the deformation of tissue but also any 
blood displaced into the forearm from under the cuff, and any blood collected 
in the forearm during the brief period before the cuff pressure came to exceed 
the arterial pressure. Movement and deformation were therefore thought not 
to be important sources of the volume changes measured by method 2. 

The measured change in volume after release of the occluding cuff was 
therefore due to change in the volume of blood and of tissue fluid. Following 
short or prolonged applications of subatmospheric pressure (Fig. 5) the curves 
of decrease of forearm volume were very similar, but after the prolonged 
application there was a persistent residual increase in volume, presumably due 
to oedema fluid which accumulated during the application, and disappeared 
slowly. It is considered, therefore, that alterations in the amount of blood in 
the vessels are almost entirely responsible for the volume changes measured by 
method 2. 

The main uncertainty in this method is whether, when the final reading is 
taken after exposure to pressure, the blood vessels have regained their normal 
resting volume. The steadiness of the forearm volume at this time (Figs. 2 
and 5) strongly suggests, but does not prove, a return to resting conditions. 
Further, although the gross movements on application and release of pressure 
make hazardous the comparison of volume measurements before and after 
exposure to pressures, such a comparison almost invariably indicated that 
3-5 min after exposure to pressure for 1 min the limb volume had returned to 
within a small fraction of 1% of the resting volume. There is therefore no 
reason to think that at this time the volume of the limb differed appreciably 
from the resting volume. 

The values of mobile resting blood volume (,C*}”) obtained in the experi- 
ments reported here (mean 1-5%, range 0-6-2'7%), agree closely with those 
reported by other workers employing a similar technique (Landis & Gibbon, 
1933; Litter & Wood, 1954). Measurements of the resting blood volume of the 
limbs by other methods have given much higher values. Ebert & Stead (1940), 
using the ‘Evans blue’ dye method, and Asmussen (1943), using the carbon 
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monoxide method, measured the total circulating blood volume first with the 
circulation to the limbs intact and then with the circulation to two or more 
limbs arrested. The difference between the two values represented the volume 
of blood locked in the limbs. As might be expected, the results were very 
scattered, but were consistently higher than those reported here. Values of 
the order of 7-0 ml. of blood per 100 ml. of forearm tissue were reported by 
Andres, Zierler, Anderson, Stainsby, Cader, Ghrayyib & Lilienthal (1954), 
using a dye-dilution method and taking great care to avoid gross sampling 
errors. There is, therefore, considerable evidence that exposure to +200 mm 
Hg does not completely express the blood from the forearm. The evidence 
(Table 2), however, suggests that the amount of blood remaining in the fore- 
arm is constant, If this is so the amount of blood squeezed out of the forearm 
during exposure to +200mm Hg constitutes a valid index of the resting 
blood volume. 

The present observations show that the capacity, ,C+%8, of the forearm 
vessels is, in any individual, a volume which differs little from hour to hour or 
day to day. It is only slightly increased by local heating, general heating and 
exercising the forearm muscles, although these procedures greatly reduce the 
local peripheral resistance. The slight increase is mainly in the amount of 
blood which can be expressed; the amount that can be sucked into the vessels 
is little changed. Evidently the state of dilatation or constriction of the 
vessels primarily responsible for resistance to blood flow makes little difference 
to the amount of blood held in the limb when the vessels are distended by an 
additional pressure of 100 mm Hg. 

Similar changes in the transmural pressure of the blood vessels are induced 
by local exposure to subatmospheric pressure and by the hydrostatic effects 
of long blood columns in a passive dependent limb. The present results indicate 
that if a limb remains passively dependent long enough for the vessels to 
become filled, the amount of blood pooling in it is almost independent of the 
state of the resistance vessels. 

The present findings for the capacity of the vessels as a whole are in agree- 
ment with the observations of Connolly & Wood (1954) on the capacity of 
veins. They introduced a balloon into a vein on the dorsum of the hand, and 
found that the pressure-volume curve of this segment of vein at pressures of 
30 mm Hg and upwards was unaltered by heating or cooling the hand, 
although adjacent veins visibly changed in calibre. They concluded that the 
muscle in the wall of the vein was either incapable of opposing the pressure 
employed, or else that the presence of the balloon impaired the action of the 
muscle. 

Over the range of conditions tested in our experiments there is no evidence 
that contractile tissue in the walls of the vessels is of importance in determin- 
_ ing how much blood the vessels can hold. Contractile tissue may be important 
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his over other (particularly smaller) ranges of pressure. Duggan, Love & Lyons 
re 4 (1953) have shown that reflex contractions of the walls of blocked-off segments 
ne of forearm veins can raise the internal pressure from a resting value of 4 to 
ry about 20 mm Hg. The greatest pressure they observed in any experiment was 
of 50mm Hg. This observation suggests that reflex responses of contractile 
Dy tissue may be important in regulating the capacity of veins when the trans- 
t), mural pressure is less than 50 mm Hg. It is also possible that contractile 
ng tissue controlling capacity may not respond to the same stimuli as contractile 
m tissue controlling resistance, and that in the present experiments the stimuli 
ce were not appropriate for eliciting reactions in the capacity vessels. Veins 
re- certainly are capable of strong contraction in response to direct irritation. 
ng SUMMARY 

1. A method is described for measuring the changes in the volume of the 
rm forearm when it is exposed to pressures above or below atmospheric. From 


or these measurements, changes in the quantity of blood held in the vessels can 
nd be deduced. 


he 2. Exposure of the forearm for 1 min to a pressure of 200 mm Hg above 
of atmospheric fails to express all the blood, but the residual blood appears to be 
els independent of the quantity in the forearm when the pressure is applied. 

the 3. Exposure of the forearm for 1 min to pressures below atmospheric draws 
ice extra blood into the forearm. The volume of this blood increases as the 
an pressure is lowered until this reaches 100 mm Hg below atmospheric. Further 

lowering draws in only a small extra volume of blood. 

ved 4. The difference between the volume of blood in the forearm after 1 min 
cts at +200 mm Hg and after 1 min at —100 mm Hg, is termed the capacity, 
ate 

to 5. ,C*388 in any one individual shows little variation from hour to hour or 


the from day to day. It is only slightly increased when the forearm is locally 
heated, or the subject is generally heated, or the forearm muscles are exer- 
ee- cised, although the rate of flow of blood is increased many times by each of 
these procedures. 

ind 6. It is concluded that contractile elements are either unimportant in 
3 of determining the capacity, ,C+?%, of the blood vessels, or else that they fail to 
nd, respond to stimuli which produce large changes in the contractile elements in 
the the walls of those vessels primarily responsible for resistance to blood flow. 


We wish to thank Dr J. T. Shepherd and Dr R. F. Whelan for helpful discussions of these 


the results, the subjects for their co-operation, and Messrs J. Scott and G. Montgomery for technical 
assistance. 
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THE EFFECT ON URINE OSMOLARITY OF A TRANSIENT 
REDUCTION IN GLOMERULAR FILTRATION RATE AND 
SOLUTE OUTPUT DURING A ‘WATER’ DIURESIS 
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It has been suggested that the change in urine concentration which occurs 
during an osmotic diuresis (McCance, 1945; Rapoport, Brodsky, West & 
Machler, 1949) is due to an increased quantity of isosmotic fluid (approxi- 
mately 300 m-osmole/l.) flowing past the site in the tubule where the final 
concentration and dilution of urine takes place, and that the urine is therefore 
approaching the concentration of plasma (Rapoport et al. 1949; Smith, 1951; 
West, Kaplan, Fomon & Rapoport, 1952). It has recently been shown, how- 
ever, that in certain circumstances a large increase in solute output may be 
associated with a change in the concentration of the urine from hyper- to 
hypotonic (de Wardener & del Greco, 1955). The following experiments were 
made to determine whether the reverse can also occur, i.e. whether a con- 
siderable decrease in solute output might be associated with a change in urine 
concentration from hypo- to hypertonic. 


METHODS 


The experiments were performed on six dogs. The rate of solute excretion was lowered by means of 
& transient reduction in glomerular filtration rate by either (1) partial aortic occlusion produced 
by inflating a rubber balloon in the thoracic aorta (Thompson, Barrett & Pitts, 1951), or (2) renal 
vaso-constriction induced by the inhalation of cyclopropane (Miles & de Wardener, 1952). 

All animals were anaesthetized with intravenous pentobarbitone, 20-40 mg/kg as a priming 
dose. Further intravenous supplements were given as required to maintain a suitable depth of 
anaesthesia (spontaneous respiration and absence of reflex muscular movements). The trachea was 
intubated, and a rubber catheter was placed in the bladder. The urine was collected at intervals 
of 1-10 min, depending upon the urine flow and the rate at which changes were occurring. Blood 
samples were collected at 10-20 min intervals. When spontaneous respiration failed on admini- 
stration of cyclopropane, ventilation was maintained by intermittent pressure (10-15 times/min) 
on a rubber bag joined to the endotracheal tube by a CO, absorber. 

* In receipt of a grant from the Research Division, Ciba Pharmaceutical Products Inc., 
Summit, New Jersey, U.S.A. ag 
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The mean abdominal aortic pressure was measured by a mercury manometer via a polythene 
tube introduced through the right femoral artery. Exogenous creatinine clearances were measured 
after a priming infusion of 1 g of creatinine in 20 ml. of saline, followed by a continuous main- 
tenance infusion sufficient to give a concentration of about 5 mg/100 ml. plasma. Creatinine was 
estimated by the method of Bonsnes & Taussky (1945). The osmolarity of the urine and plasma 
were calculated from the freezing-point depression determined by a thermistor incorporated in a 
bridge circuit. This machine is linear down to a temperature of —0-93° C, corresponding to 
500 m-osmole/l., and the standard deviation of a single reading is + 0-0102° C corresponding to 
+5-5 m-osmole/l. Duplicate estimations were made, and as each can be performed in 2-4 min 
the first estimation was determined during the course of the experiment, as soon as possible after 
the urine had been collected. 

Experiments in which the aorta was partially occluded. Dogs Nos. 1-3. A flow of hypotonic urine 
was promoted by (i) the administration of 500-700 ml. of water by stomach tube half an hour 
before the induction of anaesthesia, and subsequently by (ii) the intravenous infusion of 0-5%, 
NaCl at 5~7 ml./min; the total volumes of fluid given varied between 80 and 130 ml./kg. The 
infusion of 0-5% NaCl was discontinued when the aorta was occluded. For the sake of brevity, this 
flow of hypotonic urine has been called a ‘water’ diuresis. 

A double-lumen balloon catheter was introduced into the descending thoracic aorta via the 
right carotid artery. The balloon was inflated with saline and the abdominal aortic pressure 
adjusted to be as low as was compatible with a urine flow of about 0-5 ml./min. The difficulties of 
this manoeuvre were considerable, for unless the inflation of the balloon was continuously and 
rapidly adjusted, the abdominal aortic pressure showed pronounced fluctuations. In these 
experiments blood samples were venous. 

Experiments in which cyclopropane was administered. Dogs Nos. 4-6. A flow of hypotonic urine 
was promoted by an intravenous administration of 0-5% NaCl at 9-17 ml./min beginning soon 
after induction of anaesthesia with pentobarbitone; the total volume given varying between 80 
and 130 ml./kg. In these experiments no water was given by stomach tube. 

When the urine had become hypotonic the saline infusion was stopped and 20-50% (v/v) 
cyclopropane in oxygen was administered in closed circuit. After the first few breaths of cyclo- 
propane, respirations ceased, and it became necessary to carry out controlled respiration (with 
intermittent positive pressure) until spontaneous respiration returned 5-15 min after the cyclo- 
propane administration had ended. The concentration of cyclopropane was adjusted so that the 
blood pressure should remain approximately unchanged while the urine flow gradually decreased 
to about 0-5 ml./min; if the anaesthetic depth was increased too rapidly there was a fall in blood 
pressure. 

On stopping the cyclopropane controlled respiration was continued with 100% oxygen. The 
return of the glomerular filtrations rate and solute output to control values was liable to take a 
few minutes longer than in the aortic occlusion experiments. In order to accelerate the recovery 
of the solute output, 25% mannitol was given to dogs 4 and 5 at the rate of 1-5 ml./min for 
7-18 min, via a polythene tube which had been introduced into the descending thoracic aorta 
through the left femoral artery. In these experiments blood samples were taken from the abdominal 
aorta via another polythene tube introduced through the left femoral artery. 


RESULTS 


In both sets of experiments the following three urine collection periods are 
compared: (i) control, (ii) experimental, (iii) recovery. The control period refers 
to one or more urine samples collected immediately before the aorta was 
occluded, or cyclopropane given. The experimental period refers to the urine 
of highest osmolarity collected during occlusion of the aorta or inhalation of 
cyclopropane. The recovery period refers to the first hypotonic urine collected 
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after deflation of the aortic balloon or cessation of cyclopropane administration. 
The estimations of creatinine clearance and rate of solute excretion for the 
experimental and recovery periods can only be rough approximations, for 
these periods were of short duration (1-7 min), the rate of urine flow was 
changing, and during the experimental period was 0-2-0-7 ml./min. The times 
referred to below, and in Tables 1 and 2, are from the beginning or end of 
aortic occlusion, or cyclopropane administration, to the mid-point of the urine 
collection period mentioned. 


500° } Balloon 
inflated 


4 | Balloon inflated | 
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Osmolarity 
(m-osmole/I.) 


Urine flow 
(ml. /min) 


Solute output 
(m-osmole/min) 


Abdominal 
aortic 


Minutes 

Fig. 1. Dog no. 2. The effect of transient occlusion of the thoracic aorta upon urine flow, urine 
osmolarity, solute output and mean abdominal aortic pressure during a water diuresis. The 
aorta was occluded on two occasions by inflation of a rubber balloon. 
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The effect upon hypotonic urine of occluding the aorta 

The values obtained in the control, experimental and recovery periods in 
four experiments performed on three dogs are given in Table 1. The two experi- 
ments performed on dog 2 are illustrated in Fig. 1. On inflating the balloon in 
the aorta the urine became more concentrated than the plasma, and there was 
@ conspicuous decrease in urine flow, solute output, creatinine clearance and 
abdominal aortic pressure. The mean urine osmolarity rose in 29-3 (12-5-45) 
min from 110 (63-197) to 346 (426-288) m-osmole/l., while the mean plasma 
osmolarity remained unchanged at 272 (256-286) m-osmole/1. On deflating 
the balloon there was a rapid return toward control values, the mean urine 


ene | 
sin. 
ma 
a 
to 
fter 
our 
5% Plasma 
this 
Urine 
the 100 
of 
and 
nese 
4 
ne 
n 80 
v/v) 
yclo- | 
with 
£ 
The 
ke 
very 
for 
orta 
inal 
are 
fers 
was 
rine 
n of 
ted 


| 


310 


F. DEL GRECO AND H. E. DE WARDENER 


Solute 
output clearance 
(ml. /min) 


Plasma 


Urine 
osmolari 


Urine 
flow 


(min) (ml/min) (m-osmole 


‘control’, ‘experimental’ and ‘recovery’ are explained in the text 
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after after Duration 
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Tasxe 1. The effect upon urine flow, urine osmolarity, solute output, creatinine clearance and plasma osmolarity of partial aortic occlusion. The headings 
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osmolarity falling in 3-4 (4-5-1-5) min to 150 (254-84) m-osmole/l. in the 
recovery period. In all experiments the urine osmolarity continued to decrease 
for 5-10 min after the end of the recovery period. 
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Fig. 2. Dog no. 5, The effect of transient renal vasoconstriction produced by inhalation of 
20-50% cyclopropane upon urine osmolarity, urine flow, solute output and mean abdominal 
aortic pressure during a water diuresis. The experiment was performed twice. (M) represents 
the administration of 25% mannitol at 1-5 ml./min via a polythene catheter in the thoracic 
aorta, 


The effect upon hypotonic urine of the inhalation of cyclopropane 

The values obtained in the control, experimental and recovery periods in 
four experiments performed on three dogs are given in Table 2. The two experi- 
ments performed on dog 5 are illustrated in Fig. 2. After the administration of 
cyclopropane the urine became more concentrated than the plasma, there was 
a pronounced decrease in urine flow, solute output and creatinine clearance, 
and a minor fall in abdominal aortic pressure. The mean urine osmolarity rose 
in 29-8 (31-5-28-5) min from 193 (255-165) m-osmole/I. in the control period to 
373 (500-316) m-osmole/l. in the experimental period, when the mean plasma 
osmolarity was 295 (284-309) m-osmole/l. The results obtained in the experi- 
mental period refer only to urine collected during the administration of cyclo- 
propane (see methods); owing to the effects of renal dead space and delay time, 
however, in three of the four experiments the urine osmolarity continued to 
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TaBxe 2. The effect upon urine flow, urine osmolarity, solute output, creatinine clearance and plasma osmolarity, of renal vasoconstriction produced by 
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rise steeply for 1-3 min after the cyclopropane ceased (Fig. 2). It appears, 
therefore, that often the concentration of the urine formed during the experi- 
mental period was greater than that which was collected. 

On ceasing the administration of cyclopropane there was a return towards 
control values, the mean urine osmolarity falling in 6-9 (9-0-3-5) min to 222 
(286-157) m-osmole/I. in the recovery period. In three of the four experiments 
the urine osmolarity continued to decrease for 5-10 min after the end of the 
recovery period. 


DISCUSSION 


The results show that when these animals were passing hypotonic urine, partial 
occlusion of the aorta or inhalation of cyclopropane for 12-5-45 min produced 
a rise in concentration of the urine above that of the plasma. Subsequently, 
when the aortic occlusion or the cyclopropane inhalation was discontinued the 
urine again became hypotonic within 1-5-9-5 min. 

Leaf, Kerr, Wrong & Chatillon (1954) have recently reported that they were 
unable to obtain any increase in urine osmolarity by compressing the renal 
artery of the unanaesthetized dog during a water diuresis. A comparison of 
their data with those reported in this paper, however, suggests that the 
difference between the two is due to the renal artery not having been sufficiently 
occluded. 

It is considered that the changes in urine concentration which occurred in 
the experiments reported here were not due to changes in the concentration of 
circulating antidiuretic hormone for the following reasons: (1) the rapidity 
with which the urine osmolarity changed from hyper- to hypotonic after the 
balloon was deflated, or the cyclopropane anaesthesia discontinued; and 
(2) the demonstration that, following the administration of large quantities of 
intravenous fluids such as were given in these experiments, the kidney became 
relatively resistant to the effect of intravenous vasopressin (‘ Pitressin’, Parke, 
Davis & Co.) or nicotine. This form of Pitressin resistance was first described 
by Wesson, Anslow, Raisz, Bolomey & Ladd (1950), who expanded the extra- 
cellular fluid volume with smaller quantities of fluids than those used in the 
experiments described in this paper. The mechanism of this teleologically 
reasonable phenomenon is not known, but its presence in the experiments 
reported here was confirmed on three occasions by the intravenous injection 
of 100 mU of Pitressin. Fig. 3 illustrates the results obtained in one of two 
further experiments designed solely to show this effect. 

There is a further possibility that the changes in urine concentration may 
have been due to renal anoxia, but the hypertonic values reached (in some 
instances 200 m-osmole/l. above those of plasma), and the speed of recovery, 
make this unlikely. Nor does the fall in arterial pressure seem to be the deter- 
mining factor, for changes in urine concentration were as great in the cyclo- 
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propane experiments (when the renal perfusion pressure changed relatively 
little) as when the aorta was occluded. 

It is suggested that the change in urine concentration from hypo- to 
hypertonic was due to the decrease in glomerular filtration rate, and related 
to the consequent reduction in solute output. It has been shown on several 
occasions (Selkurt, 1951; de Wardener & Miles, 1952) that a fall in renal 
perfusion pressure below 90-100 mm Hg in the dog, or the inhalation of 
cyclopropane (Habif, Papper, Fitzpatrick, Lowrance, Smythe & Bradley, 
1951; Miles & de Wardener, 1952), reduces renal blood flow, glomerular filtration 


% saline 20 % 
Sml./min mannitol i.v. 


Pitressin i.v. (mU) Sml./min 


350) Plasma 


Osmolarity 
(m-osmole /!.) 


1mg nicotine i.v. 
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8- 


Urine flow 
(ml/min) 


4- 
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3° 0-5. 
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Fig. 3. Dog no 7. The effect upon urine osmolarity, urine flow and solute output of two intra- 
venous injections of 100 mU Pitressin and 1 mg nicotine acid tartrate during a water diuresis 
induced by the administration of 0-5% saline (90 ml./kg). The saline infusion started 110 min 
before the first injection of Pitressin. After the nicotine injection a mannitol infusion was 
given to increase the speed of recovery of the solute output to control levels. 


and solute excretion rate; the decrease with cyclopropane being proportional 
to the depth of anaesthesia (Miles, de Wardener, Churchill-Davidson & Wylie, 
1952). It is probable that, owing to delay time and dead space factors during 
the experimental period, the estimated changes in glomerular filtration rate 
and solute output in the observations reported here are inaccurate, but there 
can be little doubt that they were both considerably decreased. 
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It has been demonstrated in man that in certain circumstances a sudden 
increase in solute output may be associated with a change in urine concentra- 
tion from hyper- to hypotonic (de Wardener & del Greco, 1955). These observa- 
tions were made in subjects suffering from diabetes insipidus in whom the 
urine concentration was gradually increased by a continuous infusion of 
Pitressin. When the initially hypotonic urine had become slightly hypertonic, 
a rapid infusion of mannitol produced an increase in solute output and urine 
flow, and a decrease in urine osmolarity to a value below that of plasma, 
though the infusion of Pitressin was continued throughout. In these experi- 
ments, and in those described in this paper, changes in urine concentration 
from hyper- to hypotonic or vice versa were related to variations in the solute 
excretion rate. It seems probable, therefore, that they were due to modifica- 
tions in tubular function caused by the changing rate at which solutes were 
being presented to the tubule. The nature of these modifications is not known, 
but it is reasonable to suppose that they are similar both in the human experi- 
ments and in those performed on the dog. 

These results are not consistent with either of the two most widely discussed 
contemporary hypotheses concerning the concentration and dilution of urine 
(Smith, 1951; West et al. 1952), for neither concept allows that changes in the 
rate of solute output may be related to alterations in urine osmolarity from 
hyper- to hypotonic or vice versa. It has been suggested therefore (de 
Wardener & del Greco, 1955) that the change in urine osmolarity observed in 
the human experiments is due either to (1) an increase in the rate of flow of a 
hypotonic tubular fluid into the site in the tubule where concentration takes 
place, so that the urine approaches the concentration of this fluid (Shannon, 
1942), or (2) that an increase in the rate of flow of an isotonic fluid into the 
concentration site reverses the proportions of water and solutes reabsorbed 
(Mudge, Foulks & Gilman, 1949). Either of these mechanisms, working in the 
opposite direction, could be responsible for the increase in urine osmolarity 
which occurred in the dog experiments. 


SUMMARY 

1. The effect of partial occlusion of the aorta, or inhalation of cyclo- 
propane, on urine osmolarity, urine flow, solute excretion rate and creatinine 
clearance has been studied in the anaesthetized dog during a ‘water’ diuresis. 

2. The urine became hypertonic within 12-5-45 min, and there was a 
decrease in urine flow, solute output and creatinine clearance. 

3. Release of the aortic occlusion, or discontinuation of the cyclopropane 
was followed by a rapid return to control values, the urine becoming hypotonic 
within 1-5-9-5 min. 

4. The evidence suggests that the changes in urine concentration were 
related to changes in solute output consequent upon a reduction of glomerular 
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filtration rate rather than to changes in the concentration of circulating anti- 
diuretic hormone or renal anoxia. 

5. It is concluded that in certain circumstances changes in the rate at 
which solutes are presented to the tubule may determine whether the urine 


| is hyper- or hypotonic. 


We are grateful to M. G. Ventom and R. Schofield for technical assistance and P. Styles and 
R. W. Halls for the design and construction of the bridge circuit incorporating the thermistor, 
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THE FORMATION OF ACETYLCHOLINE IN THE HEART; 
ITS EFFECT ON THE SYSTEMIC OUTPUT AND ITS 
IMPORTANCE FOR AURICULAR FIBRILLATION 
CAUSED BY ACONITINE 


By J. H. BURN, E. M. VAUGHAN WILLIAMS anp J. M. WALKER 
From the Department of Pharmacology, University of Oxford 
(Received 29 July 1955) 


Burn & Walker (1954) described experiments carried out in the heart-lung - 
preparation of the dog which indicated that acetylcholine (ACh) was liberated 
in that preparation without stimulation of the vagus nerves. They observed 
that the addition of substances like eserine or neostigmine to the blood, even 
in low concentration, caused a large fall in the rate of the beat. These sub- 
stances inhibit the destruction of acetylcholine, and since in addition the fall in 
rate which they caused was abolished by a small amount of atropine, the 
conclusion was drawn that the effects observed were due to continuous libera- 


. tion of small amounts of ACh. Briscoe & Burn (1954) demonstrated that the 


isolated heart of the rabbit formed ACh, and it was therefore reasonable to 
suppose that the ACh liberated in the heart-lung preparation came from the 
heart and not from the lungs. 

Burn, Vaughan Williams & Walker (1955a) showed that in the heart-lung 
preparation ACh, infused at constant rate, prolonged the P-R interval, 
reduced the systemic output of blood and produced A-V block. They also 
showed that the application of a’ few stimuli to the auricular appendage 
during the infusion of the appropriate amount of ACh caused auricular fibrilla- 
tion. In a later paper (19555) they found that the addition of inhibitors of 
cholinesterase to the heart-lung preparation without ACh infusion had similar 
effects. The P-R interval was prolonged, the systemic outflow was reduced and, 
in sufficient concentration, there was A-V block. When stimulation was applied 
to the auricle, the rate at which A-V block began was much reduced. Finally, 
after stimulation at higher rates in the presence of eserine or paraoxon, 
auricular fibrillation occurred for a length of time which depended on the con- 
centration of the inhibitor. All this evidence gave further support to the view 
that ACh was liberated by the heart. 
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In the experiments in which the right auricular appendage was stimulated, ° 


it was possible that the liberation of ACh was due to stimulation of the vagal 
nerve endings in the atria. We have therefore repeated some of these experi- 
ments applying stimulation to the apex of the ventricle. The procedure was to 
determine the spontaneous rate, the P-R interval and the systemic output. 
The ventricles were then stimulated for a fixed time and as soon as the stimulus 
was stopped, the spontaneous rate, the P-R interval and the systemic output 
were measured again, to sée whether they had been changed by the release 
of ACh during stimulation. Since this ACh would be rapidly destroyed, the 
spontaneous rate, the P-R interval and the systemic output were again 
determined 5 min later. The observations described were made (a) in a control 
period, (6) in the presence of eserine or neostigmine, and (c) after the injection 
of atropine. 

We have also investigated the diminution in systemic output of blood 
caused by infusion of ACh to discover whether this was due to a larger flow 
through the coronary vessels, or to a reduction of the left ventricular output. 


_ The work of Drury (1923) showed that during vagal stimulation the output 


of the ventricles was not affected. 

Finally, we have attempted an analysis of the action of aconitine in causing 
auricular fibrillation. Scherf, Romano & Terranova (1948) described the use 
of aconitine to produce fibrillation, either by local application of a strong 
solution to the atrial surface, or by subepicardial injection of a weak solution 
into the taenia terminalis. Prinzmetal, Corday, Brill, Oblath & Kruger (1952) 
have also used this method with success. Our inquiry has been directed to 


discovering whether the endogenous formation of ACh contributed to the . 


production of auricular fibrillation by aconitine. 


METHODS 

We have used the Starling heart-lung preparation of the dog as already described (Burn et al. 
19554) recording the e.c.g. by a Cossor machine, model 1314. We applied stimuli to the apex of the 
ventricle by means of fish-hook electrodes, using shocks of 1-8-3 mA strength and 0-9 msec dura- 
tion. In experiments in which the coronary flow was measured, a Morawitz cannula was inserted 
through the right auricular appendage into the coronary sinus. Blood flowed through this cannula 
returning to the inferior vena cava through a rubber tube. A T-piece in the tube enabled the flow 
measurements to be made. In the experiments in which aconitine was used a solution containing 
0-25 mg/ml. in saline was prepared, the aconitine being first dissolved in 0-5—1-0 ml. alcohol. This 
solution was injected under the epicardium along the junction of the superior vena cava and the 
right atrium. The volume was always 0-1 ml. 


RESULTS 
Iaberation of ACh by driving the ventricles 
Ventricular stimulation and spontaneous rate. When stimulation was applied 


to the tip of the ventricle, the rate was chosen to be about 300 per min, and it 
varied in different experiments from 282 to 312 per min. The rate was constant 
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in any one experiment. When the ventricle was stimulated the normal €.c.g. 
picture was replaced by a series of ventricular complexes as shown in Fig. 1, 
and it was often impossible to identify the small P waves among them. In 
some experiments they were sufficiently large to be identified with certainty 
(Fig. 1), and they were found to occur at exactly the same rate as before 
ventricular stimulation began. In these experiments at least, the ventricular 
stimulation did not affect the atria, but this cannot be said with certainty of 
experiments in which the P waves were not identified. 
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Fig. 1. Electrocardiogram (on left) showing spontaneous rate in presence of eserine 2 x 10~* m: 
(on right) showing the record during stimulation of apex of ventricles. Note the deflexions 
marked by arrows at the same rate as the spontaneous rate: these probably represented 
P waves which still followed the pacemaker. 


Tasxe 1. Effect of stimulation of ventricular apex for 3 min on the spontaneous 
rate per min: mean of six experiments 


Before After 
stimulation stimulation 5 min later 
Control period 137 137 135 
In presence of eserine or neostigmine 93 73 88 
After atropine 139 145 145 


The period of stimulation of the ventricle was always 3 min, and various 
changes were observed after the stimulation was stopped. The spontaneous 
rate was often modified, the P-R interval was lengthened and the systemic 
output of blood was reduced. These changes were studied both before and after 
the addition of either eserine or neostigmine to the blood, and they were finally 
studied after the injection of atropine. 

Table 1 shows the mean changes in the spontaneous rate observed in six 
experiments; in three experiments eserine was used to inhibit cholinesterase 
and in three neostigmine was used ; the concentrations were from 2 x 10~* M to 
6x 10-* m, which is equivalent to 0-6—2-0 mg/l. In the control period driving 
the ventricles had no effect on the mean spontaneous rate. The addition of 
eserine or neostigmine caused the spontaneous rate to fall, and after the 
ventricles had been driven for a period of 3 min the spontaneous rate was still 
further reduced. After a further 5 min, however, the rate rose again towards 
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that before stimulation. Atropine was then injected, and in its presence the 
rate returned to that in the control period. The unexpected observation was 
then made that after driving the ventricles for 3 min in the presence of atropine 
the spontaneous rate rose, the rise persisting for more than 5 min. Since this 
rise occurred uniformly in each of the six experiments there was no doubt of its 


significance. | 


These results, although mean results, closely represented the changes in each _ 


of the experiments. Driving the ventricles in the presence of eserine or neo- 
stigmine caused a fall in the spontaneous rate; this suggested that the driving 
caused the liberation of ACh which was not rapidly destroyed as in the control 
period, and which therefore slowed the spontaneous rate; however, in the 
course of 5 min it was destroyed and the spontaneous rate rose towards the 
value before driving. This interpretation was supported by the absence of fal! 
after driving in the presence of atropine, when liberated ACh could exert no 
effect. The rise in rate caused by driving in the presence of atropine was 
possibly due to the liberation of an adrenaline-like substance. Recently, Burn 
& Day (1955) have found that the isolated rabbit heart liberates into the 
perfusing fluid, not only an ACh-like substance but also noradrenaline and 
adrenaline. 

Ventricular stimulation and P-R interval. When the P-R interval was 
measured, the driving of the ventricles for 3 min was found to lengthen it, even 
during the control period. After a pause of 5 min the interval returned 
towards its initial value. The mean results in the six experiments are given in 
Table 2. Thus driving in the control period lengthened the P-R interval from 
82 to 101 msec, while in the presence of eserine or neostigmine it lengthened it 
from 121 to 148 msec. In the presence of atropine the P-R interval shortened 
to 92 msec, and after driving rose only to 101 msec. All the figures were con- 
sistent with the view that the P-R interval was modified by amounts of ACh 
liberated by the beating heart, which increased during driving. 

Ventricular stimulation and systemic output. While the ventricles were driven 
at a rate of about 300 per min, the systemic output naturally fell. The extent 
of this fall varied; it was greatest in the presence of eserine or neostigmine and 
least in the presence of atropine. Evidence of the variation was provided by 
the blood-pressure record as shown in Fig. 2. When the ventricles were driven 
in the control period (Fig. 2a) the blood pressure fell from a mean figure of 
142 to 126 mm, after which it rose slightly. When the ventricles were driven in 
the presence of eserine (Fig. 26) the blood pressure fell from a mean figure of 
132 to 34mm. When the ventricles were driven in the presence of atropine 
(Fig. 2c) the fall was from 142 to 138 mm. Similar variations in the effect of 
driving the ventricles on the systemic output as shown by the blood pressure 
record were seen in 5 out of 7 experiments. These variations again suggested 
that the heart liberated ACh during the driving of the ventricles. 


Fig. 2 
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At the end of the period of driving, when the pacemaker was once more in 
charge, the systemic output was always lower than before driving, but rose 
again during the next 5 min. The mean fall in output produced by driving the 
ventricles is given in Table 3. The fall was much greater in the presence of 
eserine or neostigmine than in the control period, but, as in the control period, 


Fig. 2. Blood pressure during ventricular stimulation: a in control period, 5 in the presence of 
eserine, c in the presence of atropine. See text. 


TaBLe 2. Effect of stimulation of ventricular apex for 3 min on the P-R interval (msec): 
mean results in six experiments 


Before After 
stimulation stimulation 5 min later 
Control period 82 101, 86 
In presence of eserine or neostigmine 121 148 116 
After atropine 92 101 91 


the outflow returned to that observed before driving within 5 min. There was 
a small fall after driving in the presence of atropine though less than in the 
control period. This fall was maintained. It is possible that this fall was due 
to the liberation of adrenaline-like substances as was already suggested by the 
changes in the spontaneous rate. Adrenaline and noradrenaline both dilate 
the coronary vessels, and the fall in the systemic output would be explained by 
a deviation of blood through the vessels thus dilated. 


Systemic and coronary flows 
Observations at the pacemaker rate. The experiments now to be described were 
undertaken to see if the fall in systemic output of blood observed as a result of 


the action of ACh was due to an increased flow of blood through the coronaries 
21 PHYSIO. OXXXI 
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or to a diminution of the total output of the left ventricle. By the use of an 
overflow tube to prevent accumulation in the venous reservoir as already 
described (Burn et al. 1955a), changes in the venous flow were excluded. 
Measurements were made almost simultaneously of the systemic output, and 
of the blood coming from the coronary sinus. To obtain a measure of the total 
coronary flow, the flow from the coronary sinus was multiplied by 5/3, since 
Anrep, Blalock & Hammouda (1929) found that the sinus flow was nearly 
always between 60 and 67°, of the total coronary flow. In order to make 
certain that the infusion of ACh would have sufficient effect, 1 mg eserine was 
added to the blood in the reservoir, the concentration then being 3 x 10~* . 


Fig. 3. E.c.g. a in the presence of eserine 6 x 10-* m; b immediately after the subepicardial 
injection of 25 wg aconitine into the taenia terminalis; ¢ auricular fibrillation 90 sec later. 


TaBLE 3. Effect of stimulation of ventricular apex for 3 min on the systemic output of blood 
(ml. per 15 sec): mean results of six experiments 


Before After 
stimulation stimulation 5 min later 
Control period 184 169 181 
In presence of eserine or neostigmine 132 86 129 
After atropine 163 153 152 


In three experiments the heart rate was determined by the pacemaker. In 
each of these the mean systemic outflow fell and the coronary sinus flow rose 
during the infusion of ACh and both changes were proportional to the amount 
infused. An example is given in Table 4. When the total coronary flow was 
calculated and added to the systemic flow, to determine the left ventricular 
output, there was a fall during the infusion of larger amounts of ACh, but this 
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was accompanied by a fall in the mean arterial pressure, which would itself 
diminish the coronary flow. 


TaBLE 4. Effect of acetylcholine on systemic and coronary flows: ml./15 sec 


Mean 
Mean Mean Corrected arterial 
systemic sinus coronary Total pressure 
outflow flow flow flow (mm) 
Eserine 3 x 10-* m 175 (4) 14-5 24 199 107 
During infusion ACh 15 yg/min 136 (3) 28-5 47-5 183-5 100 
During infusion ACh 10 g/min 158 (2) 23 38 196 103 
After 2 mg atropine 169 (3) 26 43 212 107 


The numbers in parentheses are the numbers of observations from which the mean was 
calculated. 


TaB_e 5, Effect of acetylcholine on systemic and coronary flow when the rate 
was kept constant: ml./15 sec 


Corrected Mean 
Mean mean arterial 
systemic coronary Total 

Expt. Ww flow flow (mm) 
9 Control period 150 37 187 136 
In presence of eserine 3 x 10-* m 148 42 190 137 
During infusion of ACh 12-5 yg/min 134 47 181 135 

After infusion of ACh 148 45 193 137 
During infusion of ACh 20 »g/min 126 53 179 136 

After 2 mg atropine 150 53 203 138 

10 Control period 140 40 180 103 
During infusion of ACh 11 yg/min 125 58 183 102 


Experiments at constant rate. In two experiments the heart rate was main- 
tained constant by driving the ventricles. The results in these are shown in 
Table 5. The rate in Expt. 9 was 205 per min. As in Table 4 changes in systemic 
output were accompanied by changes in the coronary flow in the opposite 
direction, and the sum of the two remained fairly constant before atropine 
was given, though it rose slightly at that point perhaps because of the slight 
rise in mean arterial pressure. The results in Expt. 10, in which the driving 
rate was 191 per min, also showed a shift of blood from the systemic to the 
coronary circulation during ACh infusion. While it cannot be said that the 
diminution of the systemic output was quantitatively accounted for by the 
rise in the coronary flow, the measurement of that flow depended on the use of 
a factor which was shown by Anrep et al. (1929) to vary in different prepara- 
tions. In view also of other factors which affect the coronary flow such as 
changes of the oxygen saturation of the blood, which may have diminished 
slightly in the course of an experiment, we believe that the considerable 
measure of agreement between the fall in the systemic output and the rise 
in coronary flow was enough to show that ACh did not diminish the total 
ventricular output. 
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Acetylcholine and fibrillation due to aconitine 

Effect of aconitine after atropine. The remaining experiments to be described 
were carried out to determine whether the ACh formed by the heart played 
a part in fibrillation caused by aconitine. Scherf et al. (1948) showed that when 
aconitine was injected into the taenia terminalis, auricular fibrillation was 
produced. We followed their procedure, injecting 25 wg in 0-1 ml. under the 
epicardium. 

Tasx 6. Effect of aconitine (25 yg injected into taenia terminalis) 
on cardiac rhythm after giving atropine 


Amount of After aconitine 
atropine Rate before 
Expt mg aconitine Atrial rate Ventricular rate 
1 0-5 138 264 248 
2 1-5 135 307 205 
3 1-5 139 271 202 
4 2-0 177 280 280 


TaBxLe 7. Effect of aconitine after eserine (6 x 10-* m) 


Heart rate 
Expt. Initial After eserine Effect of aconitine 
5 131 87 Auricular fibrillation 
6 171 120 Auricular fibrillation : 
7 149 134 (Auricular fibrillation produced only when ACh was infused) 
8 196 134 Auricular fibrillation 
9 153 103 Auricular fibrillation 


The first experiments were carried out by giving atropine so as to exclude 
the action of ACh, and in four experiments we found that the injection of 
aconitine then caused nothing more than tachycardia accompanied by some 
A-V block at the higher atrial rates. The results given in Table 6 were almost 
identical, and were in accord with the statement of Scherf, Schaffer & Blumen- 
feld (1953) that when atropine has been given, aconitine applied topically to 
the heart does not cause auricular fibrillation. 

Effect of aconitine after eserine. Very different results were obtained when 
eserine was added to the blood before the injection of aconitine. Five experi- 
ments were carried out, of which the results are shown in Table 7. In four of 
these the subepicardial injection of 25 wg aconitine precipitated auricular 
fibrillation within 2 min (see Fig. 3). In Expt. 7, however, this did not occur. 
The atrial rate rose to 432 per min with a 4:1 block between atria and ven- 
tricles. Periods in which this high atrial rate was seen alternated with periods 
of normal rhythm at lower rates. There was no fibrillation. 

The distinguishing feature of this experiment was that eserine had much 
less effect on the spontaneous rate than in the other experiments. Whereas in 
the other experiments the rate fell by 44, 51, 62 and 50 beats/min as a result of 
adding eserine to the blood, in this experiment the fall was only 15 beats/min. 
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This difference indicated that the liberation of ACh in this experiment was 
much less, and it seemed that the failure to observe fibrillation was due to this. 
We therefore infused ACh into the preparation at a constant rate of 30 g/min, 
with the result that auricular fibrillation was produced. When the fibrillation 
had continued for 1 min the ACh infusion was stopped. After 6 min the 
fibrillation gave place to flutter, and in 1 min more the rhythm became normal. 

This experiment thus supported the results of the other experiments in 
showing that the production of auricular fibrillation by aconitine was depen- 
dent on the presence of acetylcholine, whether arising in the heart and 


preserved from destruction by eserine, or added to the system from outside. 


Effect of eserine after aconitine. Three experiments were carried out in which 
eserine was added to the blood after the injection of aconitine into the taenia 
terminalis. In the first, aconitine caused a tachycardia in the range 274-288 
per min. After 6 min, 1 mg eserine was added to the venous reservoir and 
fibrillation began after 44 min. In the second experiment two injections of 
25 ug aconitine were made into the taenia terminalis, and though together were 
sufficient to produce moments of fibrillation, they did not establish it. The 
ventricular rate remained between 215 and 230. When | mg eserine was added 
to the reservoir, fibrillation began after 2 min, the ventricular rate dropping to 
62 and then slowly rising to 154. In the third experiment, the injection of 
aconitine produced a tachycardia, the rate rising to 274 per min. The addition 
of eserine then produced flutter for a period of about 1 min. The flutter then 
changed to a tachycardia at 366 per min with 2:1 block. 

Thus, in two experiments out of three, eserine converted the effect of 
aconitine into fibrillation, but the results were less clear than those in which 
eserine was added to the blood first. 


DISCUSSION 

The results in the first section of the paper support the idea that driving the 
heart above its normal rate liberates more ACh in the system of the heart-lung 
preparation. This was clearly shown in the presence of eserine or neostigmine, 
for when driving stopped the spontaneous rate was lower, the P-R interval 
was longer and the systemic output was less. In the presence of atropine these 
changes were abolished or greatly reduced. 

Since in these experiments the stimulation was applied to the tip of the 
ventricle, it was unlikely that the liberation of ACh was due to the stimulation 


‘of vagal nerve endings in the atria. In some experiments, indeed, inspection 


of the e.c.g. showed that the atria were still following the pacemaker and that 
the stimuli applied to the ventricle were not controlling their movements. 
However, the e.c.g. did not always show this, and it is possible that the stimuli 
then reached the atria’ and stimulated the nerve endings in them. Even if the 
stimuli did not reach the atria it would be dangerous to assume that the stimuli 
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were acting only on tissue which was not nervous. The view that nerve cells 
are limited to the atria, which was expressed by Davies, Francis & King (1951), 
has been questioned by Mitchell, Brown & Cookson (1953) who have found 
nerve fibres with adjacent ganglia in the subepicardium of the left ventricle 
of Macacus rhesus in which they were numerous, and also in the rabbit in 
which the cells were scanty. The majority of the neurones were multipolar and 
similar to those in other parasympathetic ganglia. So far as we know, evidence 
for the dog is not yet available, but it is likely that there is much less nerve 
tissue in its ventricles than in its atria. In our observations there was nothing 
to suggest that stimulation of the ventricles was less effective in liberating 
ACh than stimulation of the right auricular appendage. We therefore consider 
that the possibility remains that the ACh comes from non-nervous tissue. 

Attention may be drawn to the observation that, in every experiment, after 
atropine was injected the spontaneous rate was found to be increased at the 
end of a period of stimulation. This result is probably explained by supposing 
that a period of stimulation liberates in the blood stream not only ACh but also 
adrenaline-like substances. 

In the second part of the paper we have shown that the fall in systemic out- 
put which occurs under the influence of ACh is due to an increase in the blood 
passing through the coronary vessels, and not to a fall in the output of the left 
ventricle. This result is in line with the conclusions of Roy & Adami (1892), 
Bayliss & Starling (1892) and of Drury (1923) all of whom considered that 
vagal stimulation had no depressant action on ventricular muscle. 

Our observations were made when the heart rate was the spontaneous rate, 
and also when the rate was fixed by stimulation of the ventricles. In the latter 
conditions the fall in systemic output during the infusion of ACh was almost 
exactly balanced by a rise in the coronary flow. In the former conditions the 
rise in the coronary flow was usually less than the fall in the systemic output. 
During the infusion of ACh, however, there was a fall in the mean arterial 
pressure which would account for the failure of the coronary flow to rise more 
than it did. | 

In the third section of the paper the cause of fibrillation due to aconitine was 
investigated. In earlier papers (Burn e¢ al. 1955a, 6), it was shown that during 
the infusion of ACh into the heart-lung preparation a few stimuli applied to the 
right auricular appendage would precipitate fibrillation which then continued 
after the end of stimulation for as long as the infusion was maintained. It was 
further shown that when the ACh produced by driving the atria at fairly high 
rates was allowed to accumulate in the presence of eserine or paraoxon, auri- 
cular fibrillation was also produced. Auricular fibrillation in these conditions 
was arrested by atropine. Now Scherf e al. (1953) have found that when 
aconitine was applied to the atrial surface it did not cause fibrillation when 
atropine was given first. Moreover, they showed that flutter induced by 
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aconitine was converted to fibrillation by vagus stimulation, and reverted to 
flutter when the stimulation stopped. Our results showed that, if eserine was 
first added to the system, the injection of 25 yg aconitine into the taenia 
terminalis caused fibrillation within 2 min in four out of five dogs. In the 
fifth eserine had little effect in slowing the spontaneous rate, indicating that 
little ACh was being formed in that preparation; ACh was therefore infused 
and fibrillation was then produced very quickly. Our results also confirmed 
the observation of Scherf and his colleagues that aconitine fails to produce 
fibrillation in the atropinized preparation. 

We therefore come to the conclusion that the essential conditions for aconi- 
tine to produce fibrillation are that atropine should be absent and that sufficient 
ACh should be present. The ACh can be supplied by stimulating the vagus, or 
by constant infusion of a solution of ACh into a vein, or more simply still by 
adding eserine to the blood, so that the ACh which the heart is constantly 
producing is destroyed at a slower rate than usual and thus accumulates. 

The fibrillation produced by aconitine can then be compared with fibrilla- 
tion produced by electrical stimulation as we have recently described it. The 
essential feature in both is the presence of an excess of ACh; this exerts an 
effect such that when a stimulus arrives in its presence, fibrillation is precipi- 
tated. We have previously discussed the likelihood that the condition estab- 
lished by ACh is one of increased excitability, related in some way to the 
decrease in refractory period and faster rate of repolarization of the membrane 
observed by Burgen & Terroux (1953) and by Hoffman & Suckling (1953). The 
action of aconitine thus appears to be limited to setting up an ectopic focus 
which by firing off a rapid succession of stimuli plays the same part in causing 
fibrillation as the electrical stimuli applied to the auricular appendage. 


SUMMARY 

1. Previous observations showed that when the heart in the heart-lung 
preparation was driven electrically by stimuli applied to the auricle, the 
stimulation appeared to release ACh in the system. Since the stimulation 
might have acted on the vagal endings in the auricle, we have applied stimuli 
to the ventricular apex. 

2. Asa result of 3 min stimulation various changes were observed in (1) the 
Spontaneous rate, (2) the P-R interval and (3) the systemic output. These 
changes disappeared after 5 min, and thus were likely to be due to the produc- 
tion of an unstable substance in the blood. The changes were magnified in the 
presence of eserine or neostigmine and they were reduced or abolished in the 
presence of atropine. 

3. The foregoing results indicated that stimulation of the ventricle released 
ACh which may have come from non-nervous tissue. 

4. Experiments in which the systemic output and the coronary sinus out- 
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flow were both measured showed that the fall in the systemic output caused by 
ACh was due to an increased flow through the coronary vessels. The fall in the 
systemic output was not due to a diminution in the output of the left ventricle. 

5. Experiments were carried out in which aconitine was injected under the 
epicardium of the taenia terminalis. In confirmation of previous work, it was 
found that when atropine was injected first the aconitine did not cause auricular 
fibrillation. When eserine was injected first aconitine caused auricular fibrillation 
in four out of five experiments: in the fifth the eserine had little effect on the 
spontaneous rate; ACh was therefore infused and fibrillation then occurred. 

6. These results indicate that the presence of sufficient ACh is essential for 
the production of auricular fibrillation by aconitine as it is for its production 
by electrical stimulation. Aconitine appears to set up an ectopic focus from 
which a rapid stream of impulses arises. These, like electrical stimuli, reach 
a cell membrane rendered highly responsive by ACh, and they precipitate 
fibrillation. 

We wish to express our thanks to Mr H. W. Ling for the great help he gave us in each experiment. 
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THE INHIBITION OF ACETYLCHOLINE SYNTHESIS 
IN GUINEA-PIG BRAIN SLICES BY ESERINE AND 
NEOSTIGMINE 


By HEATHER SHELLEY* 
From the Department of Pharmacology, University of Oxford 
(Received 1 August 1955) 


In recent years evidence has accumulated that certain compounds, best known 
as powerful anticholinesterases, can also influence the action of acetylcholine 
(ACh) in other ways. Curare-like, atropine-like and quinidine-like properties 
of eserine and of neostigmine and other anticholinesterases possessing a 
quaternary nitrogen group have been described by a number of workers (for 
references see Paton & Perry, 1953; Tedeschi, 1954), and neostigmine has been 
observed to have a stimulating effect on skeletal muscle (Riker & Wescoe, 
1946). These observations suggest that certain anticholinesterases have an 
affinity, not only for receptors on the cholinesterase molecule, but also for 
ACh receptors at other sites. 

The work to be described was an attempt to show that eserine and neo- 
stigmine can influence ACh metabolism in yet another way, namely, by in- 
hibiting ACh synthesis. There are several indications in the literature that 
eserine may have such an effect. Mann, Tennenbaum & Quastel (1938) infer 
that concentrations of eserine higher than 2-25 10-*m (eserine sulphate 
1/1200) inhibit ACh synthesis in brain tissue, but they attribute this to a 
decreased respiration rate in the presence of oxidation products of eserine. 
Perry (1953) obtained evidence of a slower rate of ACh synthesis in the per- 
fused eserinized superior cervical ganglion of the cat as compared with that in 
the non-eserinized ganglion. Briscoe & Trendelenburg (unpublished experi- 
ments) found that the ACh content of isolated rabbit atria which had been 
exposed to the action of 2:7 x 10-*m eserine was less than that of atria treated 
with lower concentrations of eserine. 

In the present work the rate of ACh synthesis in guinea-pig brain slices 
respiring in a glucose-saline medium containing 5-4 x 10-*m eserine (to inhibit 
cholinesterase activity) has been compared with that of slices respiring in a 
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similar medium containing higher concentrations of eserine or, in addition to 
eserine 5-4 x 10-*m, high concentrations of neostigmine or di-isopropy! phos- 
phorofluoridate (DFP). It was found that high concentrations of eserine or 
neostigmine inhibit ACh synthesis under these conditions, and that the 
addition of choline in similar concentrations — this inhibition. DFP 
did not inhibit ACh synthesis. 


METHODS 

Female albino guinea-pigs of 200-350 g weight were used throughout. In the early experiments 
the rate of ACh synthesis in brain slices from a control pig killed by decapitation was compared 
with that in brain slices from an animal of the same weight which had been killed by injecting 
eserine. Both the control pig and the eserinized pig received 20 mg atropine sulphate by intra- 
peritoneal injection 20 min before death, so raising the minimum lethal dose of eserine sulphate 
administered by intraperitoneal injection to approximately 1 mg/g. This dose was sufficient to 
cause death due to respiratory failure within about 2 min of injection. In later experiments the 
atropine was omitted, and both the control and the experimental animals were killed by decapita- 
tion, high concentrations of anticholinesterases being added to the brain slices in vitro. 

The brain was dissected from each guinea-pig within 2 min of death, severing the brain stem in 
the region of the corpora quadrigemina. Each brain was bisected down the mid-line and each half 
brain, consisting of one cerebral hemisphere and one olfactory lobe, was weighed. One half-brain 
was then transferred to a mortar for immediate extraction of ACh and the other was placed on the 
stage of a McIlwain-Buddle chopper (McIlwain & Buddle, 1953). While the first half-brain was 
minced with a pair of scissors, the second was chopped transversely into slices 120 » thick which 
were transferred to a Warburg flask containing 0-25 ml./100 mg brain of the following incubation 


Sodium chloride 0-76 g . p-Glucose 0-18 g 
Potassium chloride 0-20 g Eserine sulphate 0-02¢ 
Calcium chloride 0-02 g (0-1 ml. 20% solution) Water 100 ml. 


Sodium bicarbonate 0-21¢g 


The medium was freshly prepared for each experiment and was saturated with 95% oxygen and 
5% carbon dioxide before the addition of the eserine. 0-25 ml. of incubation medium was also 
added to each 100 mg minced brain in the mortar. The Warburg apparatus was filled with 95% 
oxygen and 5% carbon dioxide and placed in a bath at 37-5° C, any additional anticholinesterase 
solution being added at this moment from the side bulb. Simultaneously, an equivalent amount of 
anticholinesterase was added to the minced brain in the mortar and this was immediately ground 
up finely with sand. 

In some experiments this suspension was acidified immediately by the addition of 2-0 ml. 
n/3 hydrochloric acid, boiled, cooled and centrifuged at 3000 r.p.m. for 5 min. The residue was 
resuspended in 2-0 ml. incubation medium and recentrifuged, and the combined supernatants were 
stored at — 15° C to await assay of their ACh content. In other experiments an attempt was made 
to determine whether eserine influenced the release of ACh from the brain tissue by separating the 
supernatant and residue by centrifugation (10 min at 3000 r.p.m.) before adding the acid. The 
supernatant was then transferred to a flask containing 2-0 ml. n/3 hydrochloric acid and the 
residue was resuspended in 2-0 ml. incubation medium and recentrifuged (5 min at 3000 r.p.m.). 
The combined supernatants were boiled, cooled and stored at —15° C. The residue was resus- 
pended in 3-0 ml. incubation medium and transferred to a second flask containing 2-0 ml. /3 
hydrochloric acid, washing out the centrifuge tube with an additional 2-0 ml. incubation medium. 
This suspension was then boiled, cooled and stored at — 15° C. 

After 2 hr incubation at 37-5° C, during which manometer readings were taken at 10 min inter- 
vals, the brain slices and incubation medium were transferred to a mortar and treated in the same 
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way as the corresponding non-incubated half-brain. The ACh content of the brain slices and incu- 
bation medium, less that of the non-incubated half-brain, gave a measure of the ACh synthesized 
during incubation. All ACh estimations were made on the eserinized frog rectus abdominis by the 
method of Feldberg (1945) and the extracts were thawed, centrifuged when necessary, neutralized 
with n/3 sodium hydroxide solution and diluted to the equivalent of 50 mg brain tissue/ml. just 
before estimating their ACh content. All estimates of ACh content are expressed in terms of ACh 
chloride. Sodium ATP was prepared from a purified sample of Boots’ barium ATP. Coenzyme A 
was kindly supplied by Prof. D. E. Green as a concentrate containing 0-6% pantothenic acid 
which was dissolved in water and neutralized with sodium hydroxide before use. 


RESULTS 


The half-brains varied in weight from 1-15 to 1-40 g. The initial ACh content 
of the control brains varied from 1-0 to 4-8yug/g; 60-80% of this ACh was 
associated with the tissue debris and was not released into the extraction 
medium until the suspension was acidified. The control rate of ACh synthesis 
in presence of eserine 5-4 x 10-*m varied considerably, from 15-0 to 32-6 ug/ 
g/2 hr at 37-5° C. In order to minimize the effect of this natural variation, 
a control brain was incubated in every experiment and the guinea-pigs used 
in each experiment belonged to the same group and were of the same weight. 
After incubation, the ACh content of the tissue debris was three to four times 
the initial value but only about 40°% of the total. Thus the greater part of the 
ACh was in the supernatant. 

Inhibition of acetylcholine synthesis by high concentrations of eserine. Table 1 
summarizes the results of twelve experiments to investigate the effect of 
increasing the eserine concentration above the control level. This was done by 
injecting eserine in vivo (section A), by injecting eserine in vivo and also in- 
creasing the amount of eserine added to the incubation medium i vitro 
(section B), or by omitting the injection and adding eserine in vitro only 
(section C). Methods A and B had the disadvantage that the final concentra- 
tion of eserine was unknown. However, assuming that the injected eserine 
distributed itself evenly throughout the body, it was calculated that, since 1 g 
of brain tissue was suspended in 2-5 ml. incubation medium, the injection of 
300 mg eserine sulphate into a 300 g guinea-pig would raise the final eserine 
concentration from 5-4 x 10-*m to about 1-6 x 10-*m. Therefore, in section B, 
the highest eserine concentration would be about 2-9 x 10-*m. In section C, 
where the final eserine concentration could be calculated accurately, the 
maximum concentration was 8-64 x 10-*m. Higher concentrations of eserine 
could not be used as they interfered with the ACh assay on the frog rectus 
abdominis. 

When eserine was injected in vivo (sections A and B), the initial ACh 
content of the experimental brain (column 2) was always greater than that of 
the control brain (column 1), whereas when the injection was omitted (section 
C), these was no consistent difference. The injected eserine had no effect 
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upon the initial ACh content of the tissue debris, the increase in ACh being 
found only in the supernatant obtained before acidifying the suspension. 
After 2 hr at 37-5° C., the final ACh content of the experimental half-brain 
plus incubation medium (column 4) was less than that of the control (column 3) 
in all but Expt 2, where the final ACh content of both brains was the same. 
Whereas the difference was slight when the eserine concentration was raised 
by injection only (section A), it was greater when still larger amounts of eserine 
were added in vitro (sections B and C). Since the ACh content of both tissue 


Taste 1. The effect of high concentrations of eserine on acetylcholine synthesis in guinea-pig 
brain slices. 1.P.=by intraperitoneal injection; 1.v.= by intravenous injection 
Initial ACh ACh content of brain 


content of brain after incubation ACh synthesis 
(ug/g) (ug/a/2 hr) 
Control “Control "Con Percentage 


(1) (2) (3) (4) (5) (6) (7) 


A. In vivo only 
(1) 300 mg 1p. 4-0 4-8 24-0 20-0 20-0 15-2 — 24-0 
(2) 300 mg 1.v. 3-5 6-4 23-0 23-0 19-5 16-6 — 15-0 
(3) 10g LP. 4-1 6-0 30-0 29-0 25-9 23-0 —110 
B. 300 mg 1.P. in x. 
vivo+ in vitro 
(4) 2-7x 10-*u 2-8 6-5 24-0 18-0 21-2 11-5 — 46-0) 
(5) 2-7x 10-*mu 4:8 70 30-0 20-0 25-2 13-0 — 48-5 
(6) 2-7x 10-*m 3-5 6-5 23-5 18-0 20-0 11-5 — 42:5 
(7) 10-*m 3-0 4-5 24-0 140 21-0 10-0 — 5255 
C. In vitro only 
(8) 2-7x 10-*m 4-0 3-0 22-0 15-0 18-0 12-0 — 33-5 
(9) 10-*m 2-5 3-0 22-5 12-5 20-0 9-5 — 52-5 
(10) 5-4x 10-*u 2-5 2-0 23-5 16-0 21-0 14-0 — 33-5 
(11) 10-*m 2-5 2-0 17-5 75 15-0 55 — 63-5 
(12) 8-1x 10-*m 4-0 1-0 22-0 10-0 18-0 9-0 — 50-0 
D. In vitro only, 
eserine oxidi 
(13) 5-4x 10-*m 3-0 3-0 22-5 21-0 19-5 18-0 —7-5 


debris and supernatant was reduced, there was no suggestion that eserine 
affected the release of ACh from the tissue. The rates of ACh synthesis in the 
control and experimental brains are compared in columns 5 and 6, and 
column 7 gives the percentage inhibition of ACh synthesis in each experiment. 

The results suggest that under these conditions high concentrations of 
eserine inhibit ACh synthesis. Although in section A the inhibition of syn- 
thesis did not exceed 24°, and could be attributed to natural variation or to 
the high initial ACh content of the brain slices, in sections B and C where thie 
eserine concentration was raised in vitro, the inhibition was never less than 
33°5%, and in Expt. 11 reached 63-5% with eserine 5-94 10-*m. It was 
clear that eserine added in vitro was as effective as eserine injected in vivo. 
A thirteenth experiment (section D) provided evidence that eserine itself, not 
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its oxidation products, was responsible for the inhibition of synthesis. A 
solution of eserine sulphate 5-4x10-?m was made alkaline with sodium 
hydroxide, heated to boiling, shaken with air until it was a bright red colour, 
cooled, and neutralized with hydrochloric acid. This solution, when added to 
the brain slices to give a final concentration equivalent to 5-4 x 10-M eserine, 
had no effect on the rate of ACh synthesis, 

Expervments to investigate the mechanism by which eserine inhibits acetyl- 
choline synthesis. It was found (Shelley, unpublished experiments) that high 
concentrations of eserine inhibit tissue respiration. The oxygen uptake of 
rabbit brain slices, respiring in a phosphate-saline medium containing glucose 
with potassium hydroxide as carbon dioxide absorbent, was reduced by 27% 
in presence of 2-7 x 10-*m eserine, by 62% with 2-7 x 10-*m eserine, and by 
89°, with 2-7 x 10-'m eserine. Since in the present work no provision was 
made for the absorption of carbon dioxide, the oxygen consumption was not 
directly determined. The manometer readings taken during the 2 hr incubation 
period merely recorded the negative pressure due to oxygen consumption 
exceeding the appearance of respiratory carbon dioxide in the gas phase. It 
was assumed that this negative pressure, divided by the weight of tissue 
present, was proportional to the rate of tissue respiration. This assumption 
was justified by the observation that after the first 20-30 min of incubation 
a straight-line relationship was obtained when the results were plotted against 
time. In the presence of the high concentrations of eserine, the apparent rate 
of oxygen uptake was 10-20% less than that with eserine 5-4 x 10-*m. 4 

According to Quastel, Tennenbaum & Wheatley (1936), ACh synthesis is 
dependent on tissue respiration. Thus high concentrations of eserine might 
inhibit ACh synthesis indirectly by inhibiting tissue respiration, thereby 
reducing the supply of such products of respiration as adenosine triphosphate 
(ATP) or acetyl-coenzyme A, which are essential for ACh synthesis. Accord- 
ingly, the effects of ATP, sodium acetate, ATP+sodium acetate, sodium 
citrate and coenzyme A were investigated. They were added to the incubation 
medium in the concentrations indicated in Table 2. The added substance 
always depressed the rate of ACh synthesis below the control level. In all but 
Expt. 5, raising the eserine concentration depressed the rate of synthesis still 
further (columns 3 and 4). The added substances did not affect the apparent 
respiration rate of the brain slices. Thus, with the possible exception of sodium 
citrate in high concentrations, none of these substances appeared to be able to 
prevent the inhibition of ACh synthesis by high concentrations of eserine. 

Very different results were obtained when choline was added to the incuba- 
tion medium. The results in Table 3, column 2, show that the addition of 
choline 6-0 x 10-*m—4-0 x 10-°m increased the rate of ACh synthesis above 
_ the control level in column 1. When the eserine concentration was raised 
(column 3), the rate of ACh synthesis in the presence of 6-0 x 10-*m choline 
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was still depressed below the control level, but in the presence of 1-2 x 10-*m 
choline there was a slight increase in ACh synthesis. With choline 2-0 x 10-*u 
and 4-0 x 10-°m, there was a large increase in synthesis similar to that pro- 
duced by these concentrations of choline in control brains. Thus, as the 
choline concentration increased, the inhibition produced by the extra eserine 


Taste 2. The effect of various metabolites and of eserine on acetylcholine 


synthesis in guinea-pig brain slices 
ACh synthesis Percentage 
(ug/g brain/2 hr) in ACh 
trol to extra 
Control + extra eserine in 
(eserine Control+ §eserine+ presence of 
Added metabolite — 5-4x10-*m) metabolite metabolite metabolite 
A (1) (2) (3) (4) 
(1) Sodium ATP, 4-2x 10-*m 22-9 19-0 12-9 —32-0 
(2) Sodium acetate, 2-85 x 10-*m 27-0 23-7 11-0 — 53-5 
(3) Sodium ATP, 4-2 x 10-*m™+ sodium 24:3 12-8 5-0 — 32-0 
acetate 2-85 x 10-*m 
(4) Sodium citrate, 3-4 x 10-*m 26-3 19-3 10-0 — 48-0 
(5) Sodium citrate, }-7 x 10-*m 24-7 14-9 15-9 +65 
B ‘ 
(6) Coenzyme A, 20 units/ml. 15-0 12-0 73 — 39-0 


A: extra eserine = 300 mg eserine sulphate in vivo by intraperitoneal injection + 2-7 x 10-*u 
eserine in vitro. 
B: extra eserine = 5-4 x 10-*m eserine in vitro. 


TaBLeE 3, The effect of choline and of eserine on acetylcholine 


synthesis in guinea-pig brain slices 
ACh synthesis 
(ug/g brain/2 hr) tage 
in ACh synthesis 
Control Control+ due to extra 
Choline (eserine Control+ extra eserine+ serine in 
concentration 5-4x 10-*m) ' choline choline of choli 
A (1) (2) (3) (4 
(1) 6-0x 10-*m 26-6 31-6 21-2 — 33-0 
(2) 12x 10-*m 18-3 20-7 18-5 — 10-5 
(3) 2-0x 10-*m 27-0 42-7 40-0 —6-5 
(4) 40x 10-*m 32-6 46-2 48-5 +50 
B 
(5) 15-0 24-0 17-0 — 29-0 
(6) 10-*m 20-0 27-0 25-0 —7-5 
(7) 40x 10-*m 21-0 32-0 33-0 +3-0 


A: extra eserine = 300 mg eserine sulphate in vivo by intraperitoneal injection+ 2-7 x 10 *™ 
eserine in vitro. 
B: extra eserine = 5-4 x 10-*m eserine in vitro. 


decreased (column 4) until with choline 2-0 x 10-*m it was negligible and with 
choline 4-0 x 10-*m it was entirely absent. The competitive nature of this 
effect is illustrated in Fig. 1, where the rate of ACh synthesis in the presence of 
each of two different high eserine concentrations is expressed as a percentage 
of the control level and is plotted against the concentration of added choline. 
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As the choline concentration increases, the inhibition of ACh synthesis de- 
creases and therefore the ordinate approaches 100%. The two curves are 
almost parallel and, at a given choline concentration, the depression of ACh 
synthesis on curve B is greater than that on curve A where the eserine concen- 
tration is not so high. | 


1105 
A 
No inhibition po 


plus extra eserine as percentage of synthesis in 
presence of choline only 


Rate of ACh synthesis in presence of choline 


0 6 12 , Se 30 36 42 

Choline concn. (molar x 10°) 

Fig. 1. The effect of choline on the inhibition by eserine of ACh synthesis in guinea-pig brain 
slices. Curve A: 300 mg eserine sulphate injected in vivo+ eserine 5-4 x 10-*m+ 2-7 x 10-°u 
added in vitro. Curve B: eserine 5-4x 10-*m+5-4x 10-*m added in vitro. For explanation 
see text. 


The effect of other anticholinesterases; DFP and neostigmine. When DFP 
10-*m was added to brain slices respiring in the presence of eserine 5-4 x 10-*m, 
a slight inhibition of ACh synthesis was observed (Table 4, Expt. 1), but DFP 
10-*m had no inhibitory effect (Expts. 2 and 3), although it reduced the 
apparent oxygen uptake to less than 50%. It was assumed that the effect 
observed in the presence of DFP 10-*m was due to the natural variation in 
synthesis since in contrast to the results obtained with high concentrations of 
eserine and choline (Tables 1 and 3), the rates of ACh synthesis in the presence 
of DFP all lay within the normal range for control brains. The apparent 
increase in ACh synthesis in the presence of DFP 10-*m was probably genuine, 
perhaps due to solubilizing properties of propylene glycol. The DFP was added 
a8 0-3 ml. of a 10+ solution in propylene glycol, and the rate of ACh synthesis 
in @ control brain to which had been added 0-3 ml. of the solvent was 28-0 yg/ 
g/2 hr, an increase of 33° over the control value of 21-0 ug/g/2 hr. 
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In contrast, although neostigmine 2-6x10-*m and 1-3x10-*m had no 
inhibitory effect on the rate of ACh synthesis (Table 4, Expts. 4 and 5), 
neostigmine 2-6 x 10-*m and 6-5x10-*m depressed the rate of synthesis to 
just below the lower limit of the normal range (Expts. 6 and 7) and neostig- 
mine 1-3 x 10-*m reduced the synthesis to less than half that of the control 
(Expt. 8). On the addition of choline 2 x 10-*m (Table 5), the inhibitory effect 
of all these concentrations of neostigmine was abolished and, as in previous 
experiments with eserine, the rate of ACh synthesis was always greater than 


TaBie 4. The effect of DFP and neostigmine on acetylcholine 


synthesis in guinea-pig brain slices 
ACh synthesis 
(ug/g brain/2 hr) 
Concentration of added Control (eserine  Control+ added Percentage change 
anticholinesterase 5-4 x 10-*m) anticholinesterase in ACh synthesis 
(1) (2) (3) 

A. DFP 

(1) 10-*u 20-0 17:3 — 13-5 

(2) 10-*m 21-0 25-6 + 22-0 

(3) 10-*m 16-5 23-5 + 42-5 
B. Neostigmine 

(4) 26x 10-*m 18-0 22:5 + 25-0 

(5) 13x 10-*m 16-5 15-5 — 6-0 

(6) 2-6x 10-*m 16-5 14-25 — 13-5 

(7) 65x 10-*m 19-5 14-0 — 28-0 

(8) 10-?m 19-5 7-5 — 62-0 


TaBLE 5. The effect of choline and neostigmine on acetylcholine 
synthesis in guinea-pig brain slices 


ACh synthesis Percentage change in 
(ug/g brain/2 hr) ACh synthesis due to 
Control +  Control+ choline+ mine in 
Concentration  (eserine oli ‘neostig- neostig- Neostig- presence 0 
of neostigmine 5-4x10-‘m) 2x 10-*m mine mine mine choline 
(1) (2) (3) (4) (5) (6) 
(1) 10-*m 18-0 28-5 22-5 32-0 + 25-0 + 12-5 
(2) 26x 10-*m 16-5 27-0 14-25 37-0 — 13-5 +37-0 
(3) 13x 10-*m 19-5 38-0 75 36-0 — 62-0 —5-5 


the control rate in absence of added choline. The effect of neostigmine on 
ACh synthesis in the presence and absence of added choline is illustrated in 
Fig. 2. Curve 1 shows that, in the absence of added choline, there is a steady 
increase in the inhibition of ACh synthesis as the neostigmine concentration 
rises. Curve 2 shows that in the presence of 2 x 10-*m choline, concentrations 
of neostigmine up to 1-3 x 10-*m do not inhibit ACh synthesis. These results 
suggest that, as had been demonstrated with eserine, there is competition 
between choline and neostigmine for some receptor which plays a vital part in 
ACh synthesis. 
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Neostigmine concn. (molar x 10) 
Fig. 2. The effect of neostigmine on acetylcholine (ACh) synthesis in guinea-pig brain slices in the 
presence and absence of added choline. Curve 1: in absence of added choline; curve 2: in 
presence of 2x 10-*m choline. For explanation see text. 


DISCUSSION 


The synthesis of ACh has been studied under many different conditions, in 
fresh or dried tissue or in cell-free extracts, in the presence or absence of 
added raw materials such as choline, acetate, citrate, ATP and coenzyme A. 
In the present work the conditions were made as physiological as possible by 
using fresh brain slices respiring in a buffered saline solution at pH 7-4 con- 
taining glucose as the only added substrate. This forced the tissue to use 
natural sources of choline and acetyl-coenzyme A for ACh synthesis. Similar 
methods were used by Quastel e¢ al. (1936) with brain slices, and Mann et al. 
(1938) and Feldberg (1945) with minced brain tissue. They obtained values 
similar to those in the present work for both the initial ACh content of the 
brain tissue and the rate of ACh synthesis in the presence of eserine concentra- 
tions up to 5-4 x 10-*m. Mann et al. and Feldberg also gave similar figures for 
the distribution of ACh between tissue debris and supernatant. Mann et al. 
concluded that whereas the supernatant contained mainly pharmacologically 
active, ‘free’ ACh (there was little increase in activity after acidifying the 
supernatant), the ACh associated with the tissue debris was in a pharmacologic- 


ally inactive, ‘bound’ form which was converted to ‘free’ ACh by treatment 
22 PHYSIO. CXXXI 


‘ 
| | 
; 
+ 
~ 
~ A 
| 
Without choline 1 
f 
yn 
7 
ly 
yn 
nis 
mn 
in 


338 HEATHER SHELLEY 


with acid. Feldberg suggested that ACh synthesis in brain tissue proceeds at 
a rate just sufficient to maintain this stock of ‘bound’ ACh at its normal resting 
level. 

Although Mann et al. found that eserine concentrations up to 2:25 x 10 
(1/1200 eserine sulphate) had no effect on ACh synthesis in minced rat brain, 
in the present work eserine concentrations above 2-7 x 10-*m had a significant 
inhibitory effect on ACh synthesis in guinea-pig brain slices. High concentra- 
tions of eserine did not affect the distribution of ACh between tissue debris 
and supernatant, and this confirms results obtained by Mann ef al. with 
lower concentrations. Therefore the inhibition of ACh synthesis could not be 
attributed to retention of ‘bound’ ACh in the tissue. Mann ef al. suggested 
that high concentrations of eserine might inhibit ACh synthesis because tissue 
respiration might be inhibited by oxidation products of eserine. However, 
a solution containing oxidation products of eserine equivalent to 5-4 x 10-*m 
eserine had no inhibitory effect on ACh synthesis. Although tissue respiration 
was reduced by 10-20% when the eserine concentration was raised, the addi- 
tion of acetate, citrate, ATP or coenzyme A did not prevent the inhibition of 
ACh synthesis. Thus the inhibition of ACh synthesis by eserine appeared to be 
independent of changes in tissue respiration, and this conclusion was supported 
by observations with DFP 10-*m which inhibited tissue respiration by over 
60% but did not affect the synthesis of ACh. Since DFP, like eserine, is a 
powerful anticholinesterase, this experiment also established that the power to 
inhibit ACh synthesis is not merely a consequence of cholinesterase inhibition. 

Quastel et al. and Mann et al. observed that although the addition of 
acetate to respiring rat brain tissue had no effect on the rate of ACh synthesis, 
the addition of small amounts of choline increased the synthesis, particularly 
if glucose was also added. In the present work the addition of 10 to 100 times 
this amount of choline greatly increased the rate of ACh synthesis in guinea- 
pig brain slices and, if present in sufficiently high concentration, abolished the 
inhibition of synthesis by high concentrations of eserine. This suggests that 
the choline concentration is a rate-limiting factor for the synthesis of ACh, 
and that eserine inhibits ACh synthesis by competitively replacing choline in 
the acetylating system. The percentage inhibition of ACh synthesis by a given 
concentration of eserine would therefore depend on the amount of choline 
present. The eserine concentration necessary to inhibit synthesis in these 
experiments was very high, but in tissues where the choline concentration is 
less than that in brain it is possible that much lower eserine concentrations 
would inhibit ACh synthesis. It must also be emphasized that the inhibition 
observed here was the consequence of raising the eserine concentration above 
the already high level of 5-4 x 10-*m. The effect of raising the eserine concentra- 
tion from zero level was not investigated. | 

Perry (1953) observed that if the preganglionic fibres of the perfused 
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superior cervical ganglion of the cat were stimulated electrically when eserine 
2:7 x 10-*m (1/100,000 eserine sulphate) was present in the perfusion fluid, 
the ACh output in a second period of stimulation was much less than in the 
first period of stimulation. In contrast, if the first period of stimulation had 
taken place in absence of eserine, there was no indication of decreased ACh 
output in a second period of stimulation in presence of eserine. Perry ex- 
plained these results by suggesting that the ganglion tissue normally maintains 
its stock of ACh by re-acetylating choline from ACh, which on release has been 
hydrolysed immediately by cholinesterase. When eserine was present, this 
hydrolysis was prevented and the tissue was unable to replace the ACh 
released on stimulation. Perry also showed that choline was released into the 
perfusion fluid throughout the experiment. In the light of the present work, 
an alternative explanation is possible. The choline content of the ganglion 
might become so depleted that even this relatively low concentration of 
eserine would be able to inhibit ACh synthesis directly by the mechanism 
demonstrated in the present experiments. It would be interesting to see 
whether DFP, which did not inhibit ACh synthesis in the guinea-pig brain, 
would decrease the output of ACh from the superior cervical ganglion of the 
cat. Barnes & Duff (1954) did not observe any decrease in the ACh content of 
the blood of animals which had been injected repeatedly with paraoxon 
(E 600, diethyl-p-nitrophenyl phosphate), another phosphate anticholin- 
esterase. | 

Although DFP was ineffective, neostigmine in concentrations above 
2-6 x 10-*m resembled eserine in inhibiting ACh synthesis in guinea-pig brain 
slices. As with eserine, this inhibition could be prevented by adding large 
amounts of choline. This parallels the observation by Tedeschi (1954) that the 
atropine-like properties of anticholinesterases are confined to compounds con- 
taining nitrogen groups, and are not shared by phosphate anticholinesterases. 
Neostigmine resembles choline in possessing a quaternary methylated 
nitrogen group, eserine possesses a tertiary methylated nitrogen group but 
DFP does not possess any nitrogen group. Korey, de Braganza & Nachman- 
sohn (1951) and Berman, Wilson & Nachmansohn (1953) have shown that 
choline acetylase, the enzyme responsible for the acetylation of choline by 
acetyl-coenzyme A, will also acetylate dimethyl- and monomethyl-amino- 
ethanol, so establishing that the enzyme has an affinity not only for compounds 
containing a quaternary methylated nitrogen group but also for those with 
tertiary methylated groups. It is therefore concluded that the inhibition of 
ACh synthesis by high concentrations of eserine and neostigmine is associated 
with the presence of the tertiary and quaternary methylated nitrogen groups 
which enable the anticholinesterase to replace choline at the active centre of 
choline acetylase. 
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SUMMARY 

1. The rate of acetylcholine synthesis in guinea-pig brain slices respiring in 
a glucose-saline medium at 37-5° C in presence of 5-4 x 10-*m eserine has been 
compared with that in presence of high concentrations of added eserine, DFP 
or neostigmine. 

2. Eserine concentrations above 2-7 x 10-*m and neostigmine concentra- 
tions above 2-6 10-*m had a significant inhibitory effect on the rate of 
-acetylcholine synthesis. DFP in concentrations up to 10-*m did not inhibit 
acetylcholine synthesis. 

3. The addition of ATP, acetate, ATP + acetate, citrate or coenzyme A did 
not prevent the inhibition of acetylcholine synthesis by high concentrations of 
eserine though this effect was sometimes obscured by the added substances 
themselves inhibiting acetylcholine synthesis. 

4. The addition of choline to the respiring brain slices increased the rate of 
acetylcholine synthesis and, if given in high enough concentrations, prevented 
the inhibition of synthesis by high concentrations of eserine and neostigmine. 

5. It is concluded that eserine and neostigmine compete with choline for 
a receptor at the active centre of choline acetylase and that this property is 
associated with the presence of a quaternary or tertiary nitrogen group. 

I should like to thank Dr Edith Biilbring for suggesting that this work should be done, for her 


constant advice and encouragement, and Dr H. Blaschko for his helpful criticism. I should also 
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THE AFTER-EFFECTS OF IMPULSES IN THE GIANT 
NERVE FIBRES OF LOLIGO 
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The giant nerve fibres of Loligo and Sepia differ from most excitable tissues in 
that the spike of an isolated axon is followed by a brief period of hyperpolariza- 
tion, which is often called the positive phase (Curtis & Cole, 1942; Hodgkin & 
Huxley, 1939; Weidmann, 1951). There is evidence that the positive phase 
occurs because the permeability of the membrane to potassium increases 
during the second half of the spike, and does not at once return to its resting 
value (Hodgkin & Huxley, 1952d). Since the resting potential of an isolated 
axon may be 15-30 mV less than the equilibrium potential for potassium ions, 
the persistence of the state of increased potassium permeability during the 
refractory period raises the membrane potential above its resting value and 
generates a positive phase. This suggestion is supported by the observation 
that the membrane potential during the positive phase is markedly affected by 
small changes in the concentration of potassium outside the fibre (Hodgkin & 
Katz, 1949a, Hodgkin & Keynes, 1955). Thus, increasing the external potas- 
sium concentration from 0 to 20 ma, which decreases the resting potential by 
only about 10 mV, reduces the membrane potential during the positive phase 
by 30 mV. 

The sensitivity of the positive phase to changes in potassium concentration 
forms the basis for interpreting the observations described in this paper; the 
starting-point was provided by an experiment in which the effects of calcium- 
deficient solutions were being examined. Like many previous observers we 
found that reducing the concentrations of calcium and magnesium made the 
giant axon of Loligo spontaneously active. When fibres were near the point at 
which they fired continuously they often gave long trains of impulses in re- 
sponse to a single shock. In these trains we noticed that the positive phases of 
the spikes were not of equal size, but declined during the initial stages of the 
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discharge. In order to find out whether this effect was caused by a lack of 
calcium, we examined the effect of repetitive stimulation in fibres surrounded 
by a normal ionic medium. Somewhat to our surprise we found that the posi- 
tive phases at the beginning of a train of impulses were still not constant, but 
declined exponentially to a new level with a time constant of 30-100 msec 
(Fig. 1). This effect developed at the same rate as the slow depolarization 
resulting from the addition of successive negative after-potentials (cf. Shanes, 
1949a, 1952 and Shanes, Grundfest & Freygang, 1953). Since both the positive 
phase and the resting potential are reduced by an increase in potassium con- 
centration we compared the effect of potassium with that of repetitive stimula- 
tion. These measurements showed that both the change in positive phase and 
the slow depolarization were matched by an increase in potassium concentra- 
tion. This is regarded as evidence that the after-effects were caused by a rise 
in potassium concentration in the immediate vicinity of the membrane. The 
apparent rise produced by a single impulse at 18° C was about 1-6 mm, but 
much larger concentrations could be built up by stimulating the nerve at high 
frequencies. After activity the excess potassium disappeared along an exponen- 
tial curve with a time constant of 30-100 msec. 

In order to explain these results, it may be supposed that the potassium 
ions which leak out of the axon during activity do not diffuse freely from the 
fibre, but are restrained by an unselective barrier between the excitable 
membrane and the external solution. One form of this hypothesis is to suppose 
that the external barrier or membrane is not in direct contact with the 
excitable membrane, and that potassium ions accumulate in the aqueous space 
between the two membranes. Since the total quantity of potassium leaving 
1 cm? of membrane in one impulse is known to be about 4 x 10-!” mole at 18° C 
(Shanes, 1954; Keynes & Lewis, 1951), it is possible to estimate the permeability 
of the outer layer and the distance between the outer layer and the excitable 
membrane. This calculation (see p. 350) indicates that the space between the 
two membranes is of the order of 300 A, and that the outer layer should have 
an electrical resistance of about 50Q.cm?. These results are mentioned now 
because it is helpful to keep two points in mind when considering the experi- 
ments. The first is that the quantity of potassium leaving the fibre in one 
impulse would only cause an appreciable rise in concentration if these ions 
were confined in an exceedingly small space (cf. Shanes et al. 1953). The second 
is that an unselective layer with a resistance of only 1/200 of that of the resting 
membrane would be sufficient to cause an appreciable rise in potassium 
concentration during a train of impulses. In this connexion it should be said 
that there is independent evidence for the existence of a layer with a resistance 
of the order of 5Q.cm? between the excitable membrane and the external 
solution (Hodgkin, Huxley & Katz, 1952; and below, p. 365). 
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METHOD 


In all essential respects the apparatus and method were similar to those described by Hodgkin & 
Katz (1949a). Giant axons, 500-670, in diameter, were isolated from L. forbesi and cleaned by the 
usual methods. All small nerve fibres were removed and branches were left as long as possible. No 
attempt was made to remove the layer of connective tissue (about 20 in thickness) which clings 
tightly to the axon. 

A long microelectrode of the type shown in fig. 2¢ of Hodgkin & Katz (1949a) was introduced 
through a cannula and thrust down the axis of the fibre for 20-30 mm. The electrode was about 
100, in diameter, and was filled with 0-57 m-KCl. 

The axon was surrounded by about 100 ml. of fluid, and solutions were changed by draining the 
cell completely, washing once and then filling with a new solution. With cleaned fibres the changes 
in potential produced by different concentrations of potassium were complete within less than the 
time required to change the solutions (about 30 sec). 

Natural sea water was used in some of the experiments; in others we employed an artificial 
chloride sea water of the composition shown in Table 1. The potassium concentration was changed 
at the expense of sodium, the sum of [Na], and [K)}, being kept at 470 mm. 

The voltage clamp records discussed on p. 361 were taken in 1949 during the course of the work 
described by Hodgkin et al. (1952). 


Tasie 1. Composition of chloride sea water 


mg-ions/l. 

Na 460 
K 10-4 
Me 11-4 

55 
Cl 
HCO, 0-6 

RESULTS 


The usual method of measuring the change in positive phase was to apply 
shocks at 50/sec, and to record the beginning of a train of impulses with a gain 
at which the positive phase occupied several centimetres on the oscillograph 
screen. A typical record is shown in Fig. 1A. At the gain and time base speed 
employed, the spike was too large and rapid to register on the film, and the 
positive phases, which are shown as upward deflexions, appear as vertical 
lines with well-defined peaks. With this method of recording it is evident that 
the membrane potential reached in successive positive phases was not constant, 
but declined from an initial value of 65-5 mV to a steady level of 60 mV with a 
time constant of about 100 msec. Each impulse was followed by a negative 
after potential which built up to a steady level and declined exponentially 
when the stimulus was switched off (Fig. 1B). Fig. 2 was obtained on another 
fibre in which the time constant of the effect was about 35 msec instead of 
100 msec as in Fig. 1. Comparison of A and B in Fig. 2 suggests that the 
positive phase and the base-line between impulses decreased slowly after the 
initial exponential decline was complete; this is discussed further on p. 355. 
A variant of the method was to use a short train of impulses as in Fig. 4; this 
had the advantage that the beginning and end of the train could be seen on 
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Fig. 1. Records showing positive phases and negative after-potentials at the beginning (A) and 
end (B) of a train of impulses of frequency 50/sec and duration about 1 sec. Record C shows 
the tips of the spikes at the same gain but with the input displaced by 100 mV. (The spike is 
too large and rapid to register on the film in records A and B.) The vertical scale gives the 
potential difference between the external solution and the internal electrode. The time base is 
linear in this and all subsequent records. Temperature 19-8° C, axon 6. Natural sea water, 
{K]=10 mm. Note that in this paper depolarizations are shown as downward deflexions and 
hyperpolarizations as upward deflexions. Some vertical lines have been retouched in this and Fig. 3 
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Fig. 2. Details as in Fig. 1 except that the axon had a shorter time constant. Temperature , 
18-2°, axon 8, artificial sea water, 10-4 mm-K. 
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the same record and that there was no danger of subjecting the nerve to exces- 
sive stimulation. 

In addition to the change in positive phase and in the level of the membrane 
potential between impulses there was an alteration in the peak potential 
reached during the spike. This is illustrated by Fig. 1C, which shows the tips 
of the spikes recorded on the same gain as in Fig. 1 A but with the membrane 
potential offset by 100 mV. The record shows that the peak potential at the 
crest of the spike changed exponentially with about the same time constant as 
the positive phase. The magnitude of this effect varied greatly between dif- 
ferent fibres and was smallest in axon 8 (Fig. 2C) which was an unusually stable 


preparation. 


Fig. 3. Diagram showing quantities measured in first two spikes of a train of impulses at a 
frequency of 50/sec. The drawing is approximately to scale but the difference between the 
two impulses has been slightly exaggerated. 

Nomenclature 
Fig. 3 shows some of the quantities which can be measured in a record of a 
| train of impulses: 

£,(1) is the potential difference between the external solution and the axo- 

plasm at the crest of the first positive phase. 

£,(1) is the potential difference across the membrane immediately before the 

first impulse. 

£,(1) is the p.d. across the active membrane at the crest of the first spike. 

E,(n), E,(m) and E,(n) are the same p.d.’s measured for the nth impulse of 
the train. Another quantity which was often used was the amplitude of the 
positive phase relative to the base-line immediately before the impulse. This is 

defined b 

V,(n) = B,(n) — By(n). 
The nomenclature for changes in potential during the train of impulses is 
A,(E) = E(2) — 
A,,(#) = E(n +1) — E(1). 


E, (1) E,(2) 
| | 
| | 
E, (1) | : 
| 


346 B. FRANKENHAEUSER AND A. L. HODGKIN 


The effect of changing the external concentration of potassvwm 
The effects seen in Figs. 1 and 2 are similar to those produced by a rise in 
potassium concentration from the initial value of 10 mm to a steady level of 
13-15 mo (cf. Hodgkin & Katz, 1949a, table 7). In order to examine this point 
further, trains of impulses were recorded at external potassium concentrations 
of 0, 5:2, 10-4, 15-6 and 20°8 mm. These records are illustrated by Fig. 4. 


Omm-K 


10-4mm-K 

Fig. 4. Effect of external potassium concentration on the positive phase during short trains of 
impulses ; frequency 50/sec. The sequence in which the records were taken was A (10-4 mm-K), 
B (15-6 mm), C (20-8 mm), D (10-4:mm), E (5-2 mm), F (K-free), G (10-4mm). Axon 8), 
temperature 17-18° C. Since the amplitude in K-free was just too large for the film, the record 
in F was made by joining two photographs at the crest of the third positive phase; other re- 
cords taken at lower amplification showed that no error has been introduced by this 
procedure. 


Qualitatively, it is plain that the amplitude of the positive phase decreased 
with increasing potassium and that the change produced by the passage of 
impulses or by a rise in external potassium concentration was greatest with 
the low potassium solutions. The time constant of the effect was the same 
in all five solutions. 

In order to work out this experiment, a suitable way of measuring the 
positive phase must first be chosen. The variable which gave the most con- 
sistent results when the external potassium concentration was altered was the 
amplitude (V,) of the positive phase relative to the base-line immediately 
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before the spike. This quantity could be measured more accurately over a 
period of time than the absolute membrane potential during the positive phase 
(Z,) since it was not subject to drifts in electrode potential. 

Table 2 gives the results of measuring the series of records in the film from 
which Fig. 4 was made. It shows the amplitude of the first positive phase, 
V,(1), the difference between the first and second positive phase, A,V,, and 
the difference between the first and seventh positive phase, A, V,. 


Tasie 2. Effect of potassium concentration on amplitude of positive phases at the beginning 


of a train of impulses 
AV, A.V. A Temperature 
Series (mM ft (mV) (mV) (mm) (mm) (°C) 
A 10-4 12-6 0-98 — 2-04 1-1 2-5 17-5 
B 15-6 9-1 — 0-50 —1-10 0-9 2-1 17-5 
C 20-8 6:7 — 0-25 — 0-47 0-8 1-9 18-0 
D 10-4 126 1-08 —2-21 13 2-8 17-0 
E 5-2 19-1 — 1-52 —3-07 1-2 2-4 17-8 
F 0 27-4 ~ 2-21 — 4-46 1-2 2-6 17-5 
G 10-4 13-1 — 0-89 ~—1-76 1-0 2-2 17-8 


The results in this table were obtained from the experiment illustrated in Fig. 4. 

[K]}, is the potassium concentration in the external fluid. 

V .(1) is the amplitude of the first positive phase. 

A, V., is the difference between the first and second positive phases. 

A, V., is the difference between the first and seventh positive phases. 

A,[K] is the local rise in potassium concentration produced by 1 impulse. These figures were 
obtained from A, V,, and the curve in Fig. 5; they have not been corrected for loss of potassium 
during the 20 msec interval between the first and second impulses. 


4K] is the corresponding rise produced by 6 impulses. 
The frequency of the train of impulses was 50/sec. 


The relation between the external potassium concentration and the ampli- 
tude of the first positive phase is shown in Fig. 5. This curve can be used to 
calculate the rise in potassium concentration near the membrane during a 
train of impulses. For example, in the top row of Table 2 the difference 
between the first and second positive phase is 0-98 mV; from Fig. 5 this corre- 
sponds to a rise of 1-1 mm in the potassium concentration near the membrane. 
Values obtained by this method are given under A,[K] in Table 2. They appear 
to be fairly consistent, but suggest that the outflow of potassium during elec- 
trical activity is reduced by a rise in the external concentration of potassium. 
This is reasonable since potassium-rich solutions decrease the spike and should 
therefore reduce the quantity of potassium lost in each impulse. 

The values for the rise in potassium concentration produced by 6 impulses 
are given under A,{K] in Table 2. The time constant for the build-up of the 
potassium concentration was calculated from the ratio A,[K]/A,[K] by 
equation (7) (p. 367), and was found to be within the range 31-39 msec through- 
out the experiment. The time constants for the build-up and decay of the nega- 
tive after-potential were 33 and 36 msec respectively in this experiment. 
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The other quantities available for analysis in the experiment illustrated by 
Fig. 4 were the change in base-line, AZ,, and the change in spike potential 
AE,. These results are given in Table 3. For completeness, the change in 
membrane potential during the positive phase, AZ,, has been included, but 
these columns do not contain any new information since #, is the sum of F, 
and V,. 


TaB_e 3. Effect of potassium concentration on potentials during trains of impulses 

(K], #1) #1) AB, AB, 

(mm) (mV) (mV) (mV) (mV) Vv 

10-4 457-2 -056 -112 -452 +019 +038 +693 -154 -3-16 

156 -0-54 -106 -468 +028 +047 +605 -104 -2-16 

208 +508 -042 -004 -426 +038 +066 +575 -067 -1-42 

+540 -045 -0905 -476 +019 +041 +666 -153 -3-16 
52 +575 -047 -102 -45:7 +010 +026 +766 -199 -4-09 
0 +6584 -057 -1-23 -461 +012 +022 +858 -2-78 -—5-69 

10-4 +541 -043 -096 -444 +019 +040 +67-2 -132 -2-72 

The results in this table were obtained from the experiment illustrated in Fig. 4. 

[K], is the potassium concentration in the external fluid. 

E,(1) is the base line before the first impulse, i.e. the resting potential. 

E,{1) is the membrane potential at the crest of the first spike. 

E.,(1) is the membrane potential at the crest of the first positive phase. 

A, and A, are the changes produced by 1 and 6 impulses respectively. 


z 


In order to see whether the results in Table 3 were consistent with a rise in 
potassium concentration, the three variables Z,, H, and E, were first plotted 
against potassium concentration as in Fig. 6. The points for the resting poten- 
tial were reasonably well fitted by a straight line of slope 0-425 mV/mm and 
this relation has been used to calculate A[K] from the negative after-potential. 
These values are shown in Table 4 under the columns headed ‘From £,’, and 
are plainly in good agreement with those obtained from E,. This agreement is 
evidence that both the negative after-potential and the change in positive 
phase were produced by a rise in the potassium concentration immediately 
outside the membrane; 20 msec after one impulse the potassium concentration 
appeared to be about 1 mm greater than in the resting condition. 


Owing to irregular drifts in electrode potential, the curve relating spike 


potential to potassium concentration was not sufficiently accurate to allow 
A[K] to be calculated from AE, by the methods described in the previous 
paragraphs. The approximate values in Table 4 were obtained in the following 
way. Over the range from zero potassium concentration to 20-8 mm, E,, varied 
between —46-1 and —42-6mV. At 10-4 mm-K, dH,/d{K] should therefore 
be about 3-5 mV/20-8 mm=0-17 mV/mm; since is 0-19mV, A,{K] is 
0-19/0-17=1-1 mm. The close agreement with the value calculated from £, 
and FE, may be fortuitous, but it is evident that the change in spike potential 
was about equal to that produced by a solution containing 1 mm more potas- 
sium and 1 mm less sodium. The change in £, is discussed further on p. 352. 
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Fig. 5. Relation between potassium concentration in the external fluid and the amplitude of the 
positive phase, V ,(1), plotted from Table 2. The point at 10-4 mm-K is the mean of the values 
obtained in series A, D, and G. 

Fig. 6. Relation between potassium concentration and membrane potential: (1) at maximum of 
first positive phase, H,(1); (2) in resting state, Z,(1); (3) at crest of first spike, Z,(1); plotted 
from Table 3. The shape of the dotted curve for Z,(1) is based on other experiments. 


TaBLe 4. Rise in potassium concentration during 


a train of impulses, calculated from 


Table 3 and Fig. 6 
Rise in potassium concentration (mM) 


IK After 1 impulse After 6 impulses 
(mm) From From FromZ, From From, From £, 
10-4 13 1-2 1-1 2-6 26 2-3 
15-6 1-2 1-1 — 2-5 2:3 — 
20-8 1-0 0-9 2-2 2-0 
10-4 1-1 1-2 1-1 2-2 2-6 2-4 
5-2 1-1 1-2 — 2-4 2-4 — 
0 13 1-2 — 2-9 2-6 oe 
10-4 1-0 1-0 1-1 2-3 2-2 
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The permeability of the outer layer and the apparent thickness of the space 
outside the membrane 

The results described in the preceding section indicate that the potassium 
concentration outside the membrane in axon 8b was 1-2 mm greater 20 msec 
after a single spike than it was before. Later in this paper evidence will be 
described which shows that the excess potassium disappeared in an exponential 
manner, and that different methods of measuring the time constant were in 
reasonable agreement. In axon 8b the time constant was 34 msec, so that the 
excess potassium concentration immediately after the spike would have been 
1-2 mm x exp (20/34) =2-16 mm. From the data of Shanes (1954) and Keynes 
& Lewis (1951) the potassium leakage per impulse may be taken as about 
‘4x 10-2 mole/em® at 18°C. In order to produce a rise of 2-16 mm these 
potassium ions must be confined within a space of thickness 6, given by the 


equation 4x 10-” mole/cm? 

~ 2-16 x 10-8 mole/cm® 

=1-9x 10-* em=190 A=19 mu. 

Concentration differences should be equalized by diffusion within a few 
microseconds in a watery space of this thickness so that it is fair to suppose 
that the potassium concentration in the space is uniform, as has been tacitly 


assumed in the calculation. For reasons given on p. 370, it is best to regard 0 as 
an empirical quantity which need not correspond exactly to an anatomical 


6 


On p. 367 the time constant 7 for the disappearance of excess potassium 
ions is shown to be related to the thickness of the space (0) and the permeability 
constant of the outer layer (P) by the equation 


7=6/P. 
In axon 8b =34 msec, so that P =5-6 x 10-5 cm/sec. 

A different method of working out the permeability of the outer layer is to 
calculate the mean rise in potassium concentration during steady stimulation. 
In axon 86 the excess concentration of potassium 20 msec after the 6th impulse 
was estimated as 2-7 mm. At this time the nerve was very nearly in a steady 
state so that the mean potassium concentration may be taken as 

2-7 (20 

20 Jo 
With a stimulation frequency of 50/sec the mean outflow is 2 x 10—° mole/ 
cm*. sec so that the permeability should be 


2 x 10-20 
3-7 x 10-6 


exp di=3-7 mm. 


P 


=5-4 x 10-° cm/sec. 
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The two methods necessarily agree to within the limits introduced by 
rounding errors because the mean concentration during a steady stimulation 
| was derived from one of the quantities (2-7 mm) used in calculating the time 
constant. 

Collected results 

Table 5 summarizes the results of all the experiments carried out at room 
temperature with a normal ionic medium. The quantities A,[K], @ and P were 
calculated in the manner described in the previous section. Calibrations with 
) different potassium concentrations were made only in axons 3 and 8. In the 
remaining experiments we used the curve in Fig. 6 to work out the results. The 
outflow of potassium per impulse was taken as 4-0 x 10-2 mole/cm? in all 
fibres. An alternative method of measuring 6, which does not depend on this 
assumption, is described on p. 362. 


5. Collected results 


Dia- Tem- 
Axon meter perature V (1) AE T P 
no. (°C). (mV) (mV) (mV) (msec) (mm) om) (10-* cm/sec) 
20 12-1 ~136 -0-46 57 1-2 3-3 58 
2 500 19 145 -115 -030 1:3 3-1 57 
3. 620 19 11-4 ~ 1:36 ~ 0-49 120 13 3-1 2-6 
ates 18 14-9 -240  -0-63 60 2-7 15 2-5 
17 15-6 -~1:26 ~(0-4) ) (1:8) (2-8) (7:2) 
| 5720 20 13-3 ~ 1-06 ~ 0-36 101 1-0 3-8 3-8 
7 500 18 166  -062 -(0-2) (22) (1-2) (3-4) (15-5) 
8a 670 18 123 -140 -062 1-9 2-1 5-5 
8b 670 17 128 -154 -061 34 2-2 1-9 5-6 
Mean 600 18 13-7 -135  -0-44 58 1-6 27 6-0 
of mean 


V,(1) is the amplitude of the first positive phase in a train of impulses. 

A,£, is the difference between the membrane potentials at the peaks of the first and second 

positive phase; the interval between stimuli was 20 msec, except in axon 1 where it was 8 msec. 

AE, is the negative after-potential measured (or calculated) at the same time as AZ. 

A,[K] is the rise in potassium concentration immediately after the spike calculated from A,E , 


6 is the apparent width of the space outside the excitable membrane. 

P is the apparent permeability of the layer outside this space. 

A potassium outflow of 4 x 10-1" mole/cm* per impulse has been assumed throughout. 

The values opposite axons 8a and 8b were obtained at different times on the same fibre. 

Values enclosed in parentheses were difficult to measure because of the small size of the negative 
after-potential. 


The method of measuring the rise in potassium concentration produced by a single impulse may 
introduce a small error if there is an appreciable leakage of potassium in the resting state. In 
applying the curve in Fig. 6 to calculate A[K] it is assumed that a rise in potassium concentration 
| in the external fluid produces the same effect on Z , as a rise in potassium concentration in the space 
between the excitable membrane and the external layer. This will not be true if the resting potas- 
sium leakage varies with the external potassium concentration. In order to assess the error we shall 
assume, somewhat arbitrarily, that there is no resting leakage into the 20 mm-K solution and that 
the leakage into a K-free solution is 100 pmole/cm? . sec (this is about three times the corresponding 
tate in Sepia axons—Hodgkin & Keynes, 1954). The concentration difference required to give a 
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flow of 100 pmole/cm*.sec through a layer of permeability 5 x 10~* cm/sec is 2mm. This means that 
the potassium concentration inside the external layer will be 2 mm in a K-free solution and 20 mx 
in a 20 mu-K solution. The upshot is that the relation between #, and the potassium concentra- 
tion near the membrane would be about 10% steeper than the relation between HZ, and the potas. 


sium concentration in the bulk of the external fluid. Since the latter relation was used in the calcu- 


lations A[K] and P would be 10% too high and 6 10% too low. Another possible error mentioned 
on p. 368 would not affect A[K] or P, but would again make @ about 10% too low. 

In calculating A{K] from the measured change in membrane potential (AZ, or AZ,) it has been 
tacitly assumed that the local rise in potassium concentration did not produce a potential difference 
across the external layer. This is reasonable if the outer layer is unselective. The junction potential 
between 500 mm-KCl and 500 mm-NaCl is about 5 mV so that a 1 mm change in potassium con- 
centration in an unselective layer would give only 0-01 mV. 


The change in spike potential 

It has been shown that the potential reached by successive spikes in a train 
of impulses alters with about the same time constant as the positive phase and 
the displacement of the membrane potential between impulses. The change in 
spike potential (Z,,) was not measured in many experiments, but appeared to 
be highly variable. In axon 6 (Fig. 1) A,Z, was 0-5 mV, whereas axon 8, which 
was an exceptionally stable preparation, gave a value of 0-19 mV with 10-4 
mM-K and 0-12 mV with a K-free solution. The change in Z, may be partly 
explained by the decrease in external sodium concentration resulting from the 
entry of sodium into the axon from a confined space. If the sodium entry 
were equal to the potassium exit the change in sodium concentration would 
alter the spike potential by about 0-06 mV. Another factor which could give 
larger changes in £, is the inactivation of the sodium-carrying system resulting 
from the depolarizations produced by increasing concentration of potassium 
(Hodgkin & Huxley, 1952c; Weidmann, 1955). This effect might be variable 
because (1) the peak potential reached during the spike does not depend on the 
sodium permeability if this is high compared with the permeability to other 
ions, (2) the relation between inactivation and membrane potential is S- 
shaped so that changes in potential have little effect if the resting potential is 
high. The combined effect of these two factors is that A,Z, should increase as 
the external potassium concentration rises or the resting potential falls. The 
effect of an increase in potassium concentration in raising AZ, is plainly seen in 
Table 3. 

The relative constancy of the spike potential, and the fact that the changes 
which did occur were explained by alterations in the external potassium and 
sodium concentrations, mean that there is no need to postulate any appreciable 
change in the sodium concentration inside the membrane. This is interesting 
because it indicates that sodium ions must be able to diffuse freely from the 
inside of the membrane, and that there is no inner layer comparable to the outer 
layer which holds up potassium. 
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The time course of the after-effects 

Shanes (1949a) found that the negative after-potential of the squid giant 
fibre has an exponential time course. Our results confirm this, as may be seen 
from Fig. 7 in which the negative after-potentials produced by 1, 2 and 7 
impulses, spaced 20 msec apart, are plotted on a semi-logarithmic scale. The 
exponential nature of the after-potentials is shown by the fact that the 
observations are fitted by straight lines of about the same slope. The time con- 
stant found by this method was 36-37 msec. 

Records like those in Fig. 1 indicate that the after-potentials build up ex- 
ponentially during a train of impulses with about the same time constant as 
they decline after activity. This conclusion is borne out by the observations in 
Fig. 7. Thus the intercept at ¢=0 is 0-68 mV for 1 impulse and 1-57 mV for 
7impulses. From equation (7) (p. 367) the time constant for the vaaeep should 
be given by the value of + which satisfies the equation 

1—exp(~140/r) _ 1-57 
l—exp(—20/r) 0-68" 


3 This gave 7 = 36 msec as against the value of 36-37 msec for the decline. 


mV 
20r- 


7impulses (C) 
Zimpulses (B) 


1impulse (A) 


20 40 60 80 100 


msec 

Fig. 7. Time course of negative after-potentials. Axon 8, temperature 18° C; artificial sea water, 
10-4 mm-K. The ordinate is the potential in mV and the abscissa is the time in msec after the 
last spike in the series. The line for 1 impulse corresponds to a time constant of 36 msec; 
those for 2 and 7 impulses to one of 37 msec (the difference is almost certainly not significant). 
The line for 1 impulse is based on records taken at higher gain than those for 2 or 7 impulses. 
The straight lines were drawn through the points by eye. 
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A corollary to these results is that the negative after-potentials should add 
in a linear manner. The gain at which the records in Fig. 7 were taken was not 
sufficient to allow this point to be tested accurately, but the prediction is 
approximately fulfilled. Thus the intercept of lines A, B and C are 0-68, 1:10 
and 1-57 mV respectively; 20 msec later the values are 0-39, 0-55 and 0-91 mV 
respectively. If B (2 impulses) is obtained by superposition the calculated 
value is 0-68 + 0-39 = 1-07 mV as against the observed value of 1-10 mV. Since 
a steady state has been achieved by 7 impulses (line C) it follows that the 
amount by which C declines in 20 msec must be equal to the contribution of 
a single impulse. This is also fulfilled since 1-57—0-91=0-66 as against the 
observed value of 0-68 mV. 
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Rise in potassium concentration (mM) 
r=) 
Change in positive phase (mV) 


100 200 300 400 500 600 msec 
Fig. 8. Change in positive phase and potassium concentration during trains of impulses of 
frequency 125/sec and 50 sec. The abscissa is the time in msec from the first impulse. The 
right-hand ordinate scale gives AH ,, i.e. the difference between the peak membrane potential 
during the positive phase of any impulse and that during the first impulse. The left-hand scale 
gives the rise in potassium concentration calculated from AZ, by a calibration curve similar 
to that in Fig. 6. The smooth curves were drawn from the equation y= A[1 — exp ( -¢t/7)] 
with A =17-8 mm (upper curve) or 7-0 mm (lower curve) and +=110 msec (upper curve) or 
120 msec (lower curve). The amplitude of the first positive phase was 11-1 mV (upper curve) 
or 11-6 mV (lower curve). Axon 3; temperature 19° C; artificial sea water, 10-4 mm-K. 


Since the relation between potassium concentration and resting potential is 
linear when the former is small (Fig. 6 and Shanes, 19496) the exponential 
nature of the after-potentials suggests that the potassium concentration must 
rise and fall in an exponential manner. In order to test this point further, the 
variation of the positive phase during a train of impulses was examined by the 
method illustrated in Fig. 8. 

Stimulation frequencies of 125/sec or 50/sec were employed and the potential 
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during the positive phase (#,) was measured in the usual way. When the right- 
hand scale in Fig. 8 is employed the points give the difference between the posi- 
tive phase of any impulse and the positive phase of the first impulse. These 
observations were converted into changes in potassium concentration by a 
calibration curve similar to that in Fig. 6. The linear scale on the left-hand side 
of Fig. 8 gives these values. The smooth curves, which are clearly a good fit to 
the observations, were drawn from the equation 


y=A[l —exp (—¢/r)], 


where 7 had a value of 110 msec in the upper curve and 120 msec in the lower 
curve. The difference between the two time constants is not regarded as impor- 
tant since it could have arisen from a small error in the shape of the calibration 
curve. The steady concentration built up after a large number of impulses is 
determined by the value of A; this was 17-8 mm for stimulation at 125/sec and 
7 mM for stimulation at 50/sec—a ratio of 2-56. If the time constant r were 
very long compared to the interval between spikes, the ratio should be 125/50 
=2-5. A more exact calculation based on equation (7) (p. 367) gave a theoreti- 
cal ratio of 2-64 when +r was taken as 115 msec for both curves, and one of 
2-40 when the observed values of 110 and 120 msec were employed. 


1 [ 
+40 
4-5 
i i i 
0 1 2 3 sec 


Fig. 9. Tracing showing slow depolarization and variation of the positive phase during a train of 
impulses at 50/sec lasting 2-5 sec. Axon 3, temperature 19° C; artificial sea water, 10-4 mm-K. 
A continuous line has been drawn through the base-line between impulses; the tips of the 
positive phases are shown by dots. 


When trains of impulses lasting several seconds were used there was evidence 
of a gradual increase in potassium concentration after the initial rise was 
complete. This is illustrated by Fig. 9, which shows that there was a pro- 
gressive shift in base-line and in the positive phase during the period of 2-5 sec 
in which the stimulus was applied. An effect of this kind is to be expected 
because potassium ions have to diffuse through about 204 of connective tissue 
before reaching the external fluid, and this will cause a slow rise in potassium 
concentration. Considerable variation is likely because the thickness and 
possibly the consistency of the connective tissue changes from one fibre to the 
next. 
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The records described so far show the decline of the positive phase during 
a train of impulses, but they do not give any information about the way in 
which the underlying process recovers after activity. According to the present 
hypothesis this should have the same time constant as the negative after- 
potential. Two methods of testing this conclusion were used. In one case a gap 
was left in a train of impulses as in Fig. 10. This showed that the potential at 
the peak of the positive phase increased as the gap was widened. On working 
out the experiment the negative after-potential was found to have a time 
constant of 112 msec, while the positive phase recovered with one of 113 msec. 
The close agreement is probably a coincidence but there would seem to be little 
doubt about the correlation between the negative after-potential and the 
amplitude of the positive phase. 


10 mV 


10 mV 


0 0-2 0-4 0-6 sec 


Fig. 10. Effect of leaving a gap in a train of impulses. Axon 6; temperature 13-0° C; 
natural sea water, 10 mm-K: Frequency of stimulation, 50/sec. 


The other way of examining the recovery of the positive phase was to use two 
shocks and vary the interval between them. This procedure, which was used on 
only one occasion, gave the results shown in Fig. 11. In this experiment the 
negative after-potential had an amplitude of 0-63 mV 20 msec after a single 
impulse, and an exponential time constant of 60 msec. The observations of the 
recovery of the positive phase of the second impulse were also fitted by an 
exponential curve with the same time constant. 
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Second positive phase (mV) 


T 


Interval between first and second impulses (msec) 

Fig. 11. Effect of varying interval between 2 impulses on the positive phase of the second impulse. 
Abscissa, interval between spikes; ordinate, membrane potential at crest of second positive 
phase minus resting potential. The smooth curve is drawn according to the equation y = 
14-9 -- 3-3 exp ( —#/60 msec). Axon 4, temperature 18° C, natural sea water, 10 mm-K. 


TaBie 6. Time constants of after-effects in msec 


Axon Temperature 

no. (°C) Ts; T 
1 20 57 57 
2 19 55 59 61 — 58 
3 18-8 120 118 123 — 120 
4 18 — — 60 60 60 
5 16-8 32 32 
6 27-3 80 75 76 — 77 
19-5 101 101 96 — 99 

13-0 115 101 112 +113 «110 

10-2 148 140 141 — 14 

7 17-9 22 (25) (27) — 22 
8a 26-0 31 25 _- 28 
18-1 38 31 32 — 34 

13-3 42 43 37 — 41 

s 47 — 43 — 45 

8b 17 34 33 36 — 34 


7, is the time constant obtained from the decline in positive phase (AZ,) during a train of 
impulses. +, and +, were obtained from the build-up and decline of the negative after-potential 
(AZ,); 7, from the recovery of the positive phase after one or many impulses. 7 is the mean time 
constant. Owing to the small size of the negative after-potentials in axons 5 and 7 no figures for 
7, or r,; could be obtained in the former case and only doubtful ones in the latter. 


Comparison of time constants obtained by different methods 
The rise and fall in the apparent potassium concentration near the membrane 
was normally obtained in three different ways, namely: 
(1) The decline of successive positive phases during a train of impulses, 
(2) The shift of base-line during the train, 
(3) The negative after-potential at the end of the train. 
The results obtained by these methods are given in Table 6. This shows that 


q 


358 B. FRANKENHAEUSER AND A. L. HODGKIN 


the time constants vary considerably between fibres, but that the different 
methods gave approximately the same answer in one fibre. The fact that all 
three effects vary in the same way from one fibre to the next is strong evidence 
that they depend on a common process such as the rise and fall of potassium 
concentration near the membrane. There are small discrepancies in individual 
experiments, but there is no evidence of a systematic difference. The dis- 
crepancies are probably explained by: (1) the negative after-potential was 
small and its early time course was obscured by the damped oscillations which 
follow the spike; and (2) the existence of a slow ‘creep’ (p. 355) makes any 
exact measurement of an exponential time constant slightly arbitrary. 


The influence of temperature 

If the after-effects of impulses are caused by a local rise in the concentration 
of potassium they should decrease when the temperature is raised since this 
reduces the outflow of potassium per impulse (Shanes, 1954). On the other 
hand, the time scale of the after-effects should change relatively little with 
temperature, since the diffusion of potassium through an unselective layer of 
fairly high permeability is unlikely to have a high temperature coefficient. 
Both predictions are easily tested over the range 15-27° C; below 10° C the 
duration of the positive phase and refractory period increase to such an extent 
that the after-effects are difficult to interpret. The records in Figs. 12 and 13 
illustrate the influence of temperature on the after-effects in a fibre with a fairly 
long time constant. 

Temperature and time scale. The two experiments summarized in Table 7 
suggest that the time constant of the after-effects was increased about 1-3-fold 
when the temperature was lowered by 10° C; this is in contrast to the spike 
and positive phase whose durations are increased about 3-fold by cooling 10° C 
(Hodgkin & Katz, 19495). 

It is interesting to compare the temperature coefficient of the rate at which 
potassium appears to diffuse away from the membrane with the temperature 
coefficient of diffusion in an aqueous solution. According to the Nernst formula 
the diffusion coefficient D should be equal to RTU/F, where U is the mobility. 
From conductivity tables Uy is 1:23 for 0-5m-KCl, so that 
Dag o/ Diy c= 1-27. This is not significantly different (P =0-13) from the results 
in Table 7, which gave a ratio of 1-34 (s.z. of mean, 0-04) for a change of 10° C. 

Temperature and the positive phase. The results under A, EZ, in Table 7, and 
the records in Fig. 13, suggest that cooling increases the difference between the 
first and second positive phases in a train of impulses. This is consistent with an 
increased outflow of potassium per impulse at low temperatures, but the 
results could not be worked out quantitatively because cooling reduces the 
amplitude of the first positive phase, and is therefore bound to alter the relation 
between the positive phase and the external potassium concentration. This 
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means that curves such as those in Fig. 6, which were determined only at room 
temperature, could not be used for calculating the rise in potassium concentra- 
tion at other temperatures. 


0 O4sec 0 02 04 O6sec 0 02 O04 06Sec 
Fig. 12. Fig. 13. 


Fig. 12, Effect of temperature on after-effects. The records were taken in the order shown, 
starting at the top. Frequency of stimulation 50/sec; axon 6; natural sea water, 10 mm-K. 


Fig. 13. Effect of temperature on after-effects. The records were taken in the order B, C, A, 
D. Frequency of stimulation 50/sec; axon 6; natural sea water, 10 mm-K. 


The variation of the positive phase of a single impulse seen in Table 7 agrees 
with previous observations, which showed that the positive phase had a maxi- 
mum at about 25° C, and was reduced to about half by warming to 35° C or 
cooling to 5° C (Hodgkin & Katz, 19496). The decline on warming, which was 
seen in one of the axons in Table 7, is probably a consequence of the marked 
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decrease in spike amplitude which occurs near 30° C. The decline between 20 
and 0° C is more interesting since the spike increases slightly as the temperature 
is reduced over this range. Cooling is now thought to decrease the positive 
phase in two different ways. In the first place Hodgkin & Katz (19496) found 
that the resting potential remained practically constant or even increased 
slightly as the temperature fell from 20 to 0° C. The equilibrium potential for 
potassium, which determines the membrane potential during the positive 
phase, should be proportional to absolute temperature and therefore ought to 
decrease by 2 mV when the temperature falls from 20 to 10°C. The reduc- 
tion in the amplitude of the positive phase over this range is 4-5 mV, so that 
2-3 mV remain to be explained. The second factor which could alter the posi- 
tive phase is that a fall of temperature increases the potassium leakage during a 


TaBLE 7. Influence of temperature on after-effects 
Temperature T Vil) AE, AE, 


(°C) (msec) (mV) (mV) (mV) 
Axon 6 
27-3 77 8-9 — 0-34 -0-12 
19-5 a9 13-3 — 1-06 — 0-36 
13-0 110 9-8 — 1-52 — 0-54 
10-2 143 9-2 — 1-54 —0-42* 
Axon 8 
26-0 28 15 — 0-76 — 0-50 
18-1 34 12-3 — 1-40 — 0-62 
13-3 41 8-8 — 1-76 0-62 
8 45 73 ~1-71 0-40t 


T is the mean time constant given in Table 6: see Table 5 for definition of V,(1), A,Z, and 
A, 


* Calculated from the negative after-potential following 7 impulses. 
+ Extrapolated from observations made at 40-80 msec after stimulus. 


single impulse and prevents the membrane hyperpolarizing as much as at high 
temperatures. In axon 8 the rise in potassium concentration was about 2 mM 
at 18°C. At 8° C the potassium outflow per impulse should be about twice as 
great (Shanes, 1954), so that the positive phase should be reduced by an amount 
equivalent to an excess of 2 mm in the potassium concentration; according to 
Fig. 6, which was also obtained on axon 8, this would be 2-4 mV. 

Temperature and the negative after-potential. The negative after-potential was 
increased by cooling from 27 to 12-15° C (Fig. 13), but at lower temperatures it 
probably decreased (Table 7). The increase is consistent with a greater 
potassium outflow at 12-15° C than at 27° C; the decrease below 12° C may 
occur because the positive phase lasts so long that it obscures the negative after- 
potential, Another possibility is that the depolarizing effect of a small rise in 
potassium concentration may be less at low temperatures. 


Hea 
tion 
Mr A 
| 
Fig. 1 
d 
effec 
relat 
] was 
| the t 
tica 
TI 
ther 
and 
inte 


AFTER-EFFECTS OF NERVOUS IMPULSES 361 


The polarization effect in voltage clamp experiments 
Hodgkin e¢ al. (1952) found that the potassium current which flowed out- 
wards under a cathode was not maintained but declined as a result of a polariza- 
tion effect. The records in Fig. 14 (which were taken in collaboration with 
Mr A. F. Huxley in 1949) illustrate the effect. The decline in potassium current 


mA/cm? 
a 
0 
a 
-2 


Fig. 14. Records of membrane current densities during a voltage clamp lasting for two different 
durations. Inward current is shown as an upward deflexion. The external fluid was natural 
sea water (10 mm-K). Record a: axon (ii) Table 8—temperature 20° C, depolarization of 
71 mV. This axon had been used for some time and was in poor condition. Record 6: axon (iii) 
Table 8—temperature 8° C, depolarization of 36 mV. 


is perceptible in a, and is more marked with the longer pulse used in b,. The 
effect is correlated with a change in current at the end of the pulse. After a 
relatively brief depolarization as in a, the tail of current at the end of the pulse 
was outward; after a longer pulse it was inward, as in b,; with a pulse in which 
the total quantity of potassium was intermediate as in a, there might be prac- 
tically no current at the end of the pulse. 

The polarization effects illustrated in Fig. 14 are explained by assuming that 
there is an unselective barrier to diffusion between the excitable membrane 
and the external solution (cf. Hodgkin & Huxley, 1952), pp. 494-5). When 
internal potassium ions are carried through the excitable membrane they raise 
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the concentration in the space between the two membranes. This reduces the 
force driving potassium ions outwards and causes the current to fall. The rise 
in potassium concentration also accounts for the changes in current at the end 
of the period of depolarization. After a brief period of depolarization as in a, 
the current is outward because the resting potential (#,) is less than the equili- 
brium potential for potassium ions (Hx). After a long pulse (for example 5,) 
the current is inward because Ex is less than E£,; this current is carried inward 
by potassium ions which left the fibre and accumulated in the space during the 
period of depolarization. 

Records like those in Fig. 14 can be used to calculate the apparent thickness 
of the space in which potassium ions accumulate. The potassium conductance 
of the membrane is defined by the equation 


Ix 
where gx is the potassium conductance per unit area; 
I, is the current density (inward current positive) ; 
E is the potential difference across the membrane (external minus 
internal potential) ; 
Ex is the equilibrium potential for potassium ions. 


Using the observation that g, is a continuous function of time (Hodgkin & 
Huxley, 1952) it follows that the potassium currents immediately before and 
immediately after the end of the pulse are related by 


Ix 
-E,’ 
_. where #’ or I, and E” or Ij, are the potentials or currents immediately before 


and after the end of the pulse. Since =H, and EF’ =E,+ 
where V is the applied potential, this relation can be written 


Ix V+ (Ex E,) 
I K E r) 

In record a, of Fig. 14, 1; is 2-00 mA/cm? and J}, is found by extrapolating 
the exponential tail of potassium current to be 0-33 mA/cm*®. With an applied 
potential of —71 mV this gives a value of +14 mV for Ey —E,. In the case of 
record a, the same procedure gave a value of —1-8 mV for (Ey —E,) at the end 
of the pulse. Im order to estimate the rise in potassium concentration from 
these figures we used the observation that in Sepia axons the apparent 
equilibrium potential for potassium decreases by 9 mV when the potassium 
concentration is raised from 10 to 20 ma, and obeys the equation for a potas- 
sium electrode at higher concentgations (Table 9 of Hodgkin & Keynes, 1955). 
Values obtained by this method are given under A[K] in Table 8. The quantity 
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of potassium ions (AQ) which caused the rise in potassium concentration was 
obtained from the difference between the time integrals of the potassium cur- 
rents during the two pulses. The apparent thickness of the space in which 

tassium ions accumulated was then calculated from the relation @= 
AQ;/A[K]. (No allowance need be made for loss of potassium through the 
outer layer since the pulses considered were short compared with the time 
constant.) The mean value of @ obtained by this method, 290 A, was not 
significantly different from that of 270 A found previously. The agreement is 
satisfactory because the sources of error in the two methods are likely to be 
different. The voltage clamp method was probably less accurate but it had the 
advantage that it did not require any assumption about the quantity of potas- 
sium ions leaving the fibre during an impulse. 

The decline in outward current during a steady depolarization cannot easily 
be treated quantitatively since there is no information about the relation 
between potassium concentration and conductance at a fixed membrane poten- 
tial. A tentative approach is to suppose that the potassium current is deter- 
mined by the equation 


Tx = Px{[K],—[K], exp (— £F/RT)}, 


where P, is a function of # but is independent of the external and internal 
concentrations of potassium ions ({[K], and [K]},). This equation should apply 
to any system in which the ions move independently (Hodgkin & Huxley, 
1952) and to certain systems in which there is interaction—for example the 
theoretical model considered by Hodgkin & Keynes (1955). Using the equation 
as a basis for calculation it follows that a change of potassium potential from 
E, to EX will alter the potassium current from J, to 1& where 


Ig F/RT) 
1—exp F/RT) 


In record b of Fig. 14, in which the applied potential was —36 mV, (Ex — E) 
changes from 39 to 24 mV during the interval of 16-2 msec between the end of 
the short pulse and the end of the long pulse. Substituting these values in the 
preceding equation it is found that the potassium current should decrease by 
21% in 16 msec. The decline seen in the second half of record 62 is equivalent 
to about 15% in 16 msec, but this figure may be too small because the decline 
due to ‘polarization’ will not have its full effect until the potassium perme- 
ability has reached its maximum value. The agreement in order of magnitude 
istegarded as evidence that the polarization effect arises from an increase of 
potassium concentration, but further experiments are needed in order to place 
the effect on a fully quantitative basis. 

One limitation of the theory put forward by Hodgkin & Huxley (1952 d) 
on the basis of voltage clamp records is that the equations do not predict a 
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negative after-potential. It is now evident that this limitation arose because 
the analysis took no account of the polarization effect observed with large out- 
ward currents. If this had been allowed for correctly, it seems reasonably 
certain that the calculated action potentials would have been followed by a 
negative after-potential and other after-effects of the kind described in the 
present paper. 


Comparison of the permeability and electrical resistance of the outer layer 

The experiments in Table 5 give an average value of 6-0 x 10-* cm/sec for the 
potassium permeability of the outer layer, the standard error of the mean being 
1:3x 10-° in nine experiments. 

The permeability (P) is related to the diffusion coefficient in free solution (D) 
by P=DA/L, where L is the thickness of the layer and A is a factor represent- 
ing the amount by which diffusion is restricted. In a 0-5 m solution of KCl, D 
is about 1-5 x 10-° cm*/sec at 18°C (Landolt & Bérnstein, 1931) so that 
L/A=0-25 cm. If the layer is assumed to be unselective, A must be the same 
for all ions. Hence the electrical resistance of the outer layer should be pL/A, 
where p is the specific resistance of sea water. At 20°C, p is about 220. cm 
so that the electrical resistance of the outer layer should be 5-5Q. cm? (s.8. 1-2). 
This estimate may now be compared with the figure given by Hodgkin et al. 
(1952) for the electrical resistance of the layer outside the excitable membrane. 
In Table 1 of that paper the average value of the quantity r, is given as 0-68 
times the standard fluid resistance r,, which had a value of 74Q when filled with 
sea water at 20° C. The mean fibre diameter in these experiments was 557 » and 
the length exposed to current was 0-70 cm. Part of the resistance r, arose in 
the external fluid and axoplasm. At the time, these components were calcu- 
lated as 30% and <25%. Since the method of calculation only gave an upper 
limit for the latter quantity we made further measurements with the apparatus 
used by Hodgkin e¢ al. to determine both components more directly. The 
measurements did not require an axon, and consisted in determining r,/r,4 with 
the cell filled with artificial sea water. Tests with a probe were also made in 
order to find out what fraction of the potential differences occurred within 
300. of the spiral electrode. Using these values and taking the specific resis- 
tance of axoplasm as 1-4 times sea water (Cole & Hodgkin, 1939) we obtained 
revised figures of 30% for the external component of r, and 16 % for the inter- 
nal component. The remaining 54°, is taken as the electrical resistance of the 
layer outside the excitable membrane. On this basis the electrical resistance of 
the outer layer is found to be 


740 x 0-68 x 0°54 x 2 x 0-0557 cm x 0-7 cm =3°3 Q.cm?.. 


The standard error of the mean of this value is 0-3 Q.cm®. The mean value is 
somewhat lower than that calculated from the potassium permeability, but 


4 
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the difference is not statistically significant. In view of the variability between 
fibres, the difficulty of the measurements and the great difference in the 
methods, it is thought that the agreement in order of magnitude is satisfactory. 


The existence of a layer with a resistance of 3-5 Q.cm* outside the excitable membrane may help 
to explain a discrepancy between the values of axoplasm resistivity obtained at high frequencies 
with transverse electrodes (Curtis & Cole, 1938) and those obtained with direct or alternating 
current flowing parallel to the nerve fibre (Cole & Hodgkin, 1939). In the former paper the axo- 
plasm resistivity is given as 1-5-6-9 times that of sea water with a mean of 4-2; in the latter it is 
stated to about 29 Q. cm or 1-4 times sea water. Curtis & Cole’s high-frequency resistance was 
obtained by extrapolating along a circle which fitted the points up to about 200 ke/s. If a layer 
outside the excitable membrane had an impedance of only 1 Q.cm* at 100-200 kc/s it would raise 
the apparent specific resistance of the axoplasm by 40 Q.cm in a 500u axon (see equation (2) of 
Curtis & Cole, 1938). It therefore seems possible that the relatively high values of axoplasm 
resistivity found by Curtis & Cole, and perhaps the bump shown at the high-frequency end of the 
circle diagram (their fig. 2) may be caused by a layer outside the excitable membrane. 


THEORY 
_ Hypothesis 1: finite space and very thin barrier to diffusion 
The simplest way of examining the results is to suppose that the diffusion of 
potassium ions away from the fibre is restricted by a very thin outer layer 
which is separated from the excitable membrane by an aqueous space about 
300 A thick. On this basis the concentration of potassium ions in the aqueous 
space will be governed by 


_ M— Py, (1) 


dt 
where y is the excess concentration of potassium in mole/cm*, @ is the thick- 
ness of the space in cm, ¢ is time in seconds, P is the permeability of the outer 
layer to potassium ions in cm/sec, M is the outflow of potassium ions through 
the excitable membrane in mole.cm-*.sec-. In writing this equation it has 
been assumed that the potassium concentration at any given moment is con- 
stant throughout the space; this is reasonable because differences of concentra- 
tion would be eliminated by diffusion within a few microseconds in an aqueous 
space of thickness 300 A. 

During the falling phase of the spike the outward flow of potassium through 
the excitable membrane should be large compared with the movement through 
the outer layer, that is M > Py. The excess concentration of potassium imme- 
diately after the spike will therefore be given by 


Yo= Q/8, (2) 


where Q is the integral of M over the spike and is the total outward movement 
of potassium in one impulse. To obtain the subsequent time course of y we shall 
assume as a first approximation that the inward transfer through the excitable 
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membrane is small compared with the transfer through the outer layer, that is 
Py>M. On this basis 


—Py, (3) 
and for a single impulse y=yeexp—!, 
where (5) 


The time course of the potassium concentration during a train of impulses can 
be obtained by superposition. At a fixed time interval ¢, after the nth impulse 
of a regular train spaced at intervals of t,, the potassium concentration will be 


In order to deal with the situation where the permeability of the resting 
membrane is comparable with that of the outer layer we take the inward trans- 
fer through the excitable membrane as P’, where P’ is the effective permeability 
coefficient for inward movement of potassium ions through the excitable 
membrane. P’ may depend in a complicated way on the external and internal 
potassium concentrations and the potential difference across the membrane. 
However, for sufficiently small changes of external potassium concentration 
it becomes a constant so that equations (4), (6) and (7) apply if the time 
constant is taken as 6/(P + P’) instead of 6/P. 

An estimate of P’ can be obtained from the resting potassium conductance 
which will be taken as 0-23 m-mho/cm? for a nerve surrounded by a solution 
containing 10 mm-K (see Hodgkin & Huxley, 19526, table 5). If the external 
potassium concentration is increased by 1 mm the equilibrium potential for 
potassium decreases by 2-5 mV and the resting potential decreases by 0-4 mV 


_ (Fig. 6). The inward flux of potassium produced by this change will be 


2-1 x 10-3 x = 5-0 x 10-! 
On dividing this quantity by 1 mm (=10-* mole.cm-*) a value of P’ =5 x 10-* 
cm/sec is obtained. This is less than one-tenth of the average permeability of 
the outer layer so it is not unreasonable to neglect the inward transfer through 
the excitable membrane. 

At first it might be thought that the values given in Table 5 for the perme- 
ability (P) of the outer layer would be too high because they had been calcu- 
lated by equation (5), which assumes no inward flow through the excitable 
membrane. On reflexion it is clear that the error will be in @, not P. If P’ 
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were i0% of P, 10/11 of the potassium ions which leak out through the excit- 
able membrane during an impulse would appear in the external solution and the 
remaining 1/11 would return to the fibre. In estimating 9, Q should therefore 
be taken as 10°% higher than the value obtained by Shanes (1954). This would 
give a new value, #*, which would be 10% greater than the values in Table 5. 
Recalculation of P from the revised equation, (P+ P’)=6*/T then gives 
exactly the same value as that obtained before. 

The argument is easiest to see in the example of steady stimulation given 
on p. 350. In this case Shanes’s measurements indicate a mean outflow of 
2x 10- mole.cm-*.sec-!; our experiments give a mean rise in potassium 
concentration of 3-7 x 10-* mole.cm-*. Assuming that these figures are correct 
it follows that the permeability of the outer layer must be 5-4 x 10-* cm/sec, 
whatever the permeability of the excitable membrane. 


Hypothesis 2: finite diffusion barrier and no space 

The experiments described in this paper could not easily be explained with- 
out postulating a barrier to diffusion between the excitable membrane and the 
external solution. The evidence for the existence of an aqueous space is much 
less direct. So far all that has been shown is that the experimental results can 
be fitted by a theory in which a space is assumed to exist. The purpose of this 
section is to consider whether the results might not also be explained by a 
system in which the outside of the excitable membrane is assumed to be in 
direct contact with a uniform layer of thickness /. 

The concentration of potassium ions in this layer would obey the equation 


Py 


where y is the excess concentration of potassium at a distance z from the inner 
edge of the layer, and D is the diffusion coefficient. 

A quantity per unit area (Q) of potassium ions is assumed to be liberated 
instantaneously at t=0 and z=0; thereafter the boundary conditions are 
taken as ay 


at x=0, 
y=0 atz=l. 


At z=0 the solution y, , which fits these boundary conditions becomes 


Yo,t ~ {l— Ze M/Dt }, (9a) 


or 20 +e OM DIKE 4 }. (95) 
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The two series have the same sum but 9a converges rapidly when ¢ is small, 
whereas 9b converges rapidly when ¢ is large. For ¢ small, equation 9a becomes 


| Yo, ~ (10 a) 
| For ¢ large, equation 95 becomes 


0 20 

Dr/?? | 
Fig. 15. Plot of equation (9). The numbers against the circles give the value of the abscissa. 


The expression on the right-hand side of equation (9), which is plotted on a 
semilogarithmic scale in Fig. 15, becomes reasonably exponential for ¢ > [?/5D, 
but deviates markedly at short times. No evidence of this kind of deviation 
was found in the present experiments, but in many cases the measurements 
Were nade too long after the spike for any deviation to be expected. Thus the 
experiments in Fig. 7 are consistent with equation (9) since the observations 
do not begin until two-thirds of a time constant after the spike. 

In the experiment of Fig. 8, in which the time constant was about 115 msec, 
it was possible to obtain a critical comparison between the two hypotheses. 
Here the excess potassium concentration 8 msec after a single impulse was 
125 1m, whereas it was 1-10 mm 20 msec after a single impulse. The ratio of 
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- these two values, 1-14, agrees reasonably with that of 1-10 predicted by equa- 
tion (4), but is definitely less than the ratio of 1-58 predicted by equation (9). 

The strongest evidence against the second hypothesis is that it is not 
consistent with the behaviour of the nerve at short times. If the quantities | 
and D are calculated from the data in Table 5 by means of equation 10), 
average values of |=5-4 x 10-* cm and D=2 x 10-" cm*/sec are obtained. This 
value of D implies that a rectangular pulse of potassium current of amplitude 
1 mA/cm? and duration 0-4 msec would raise the potassium concentration by 
17 mm; 0-1 msec after the pulse the excess concentration would be 11 mm; 
1 msec later the concentration would be 4 mm. These values (which were ob- 
tained from the integral of equation (10a)) are not consistent with the results 
obtained by the voltage clamp procedure. Thus in the experiment of fig. 11 of 
Hodgkin & Huxley (1952), the apparent equilibrium potential for potassium 
remains constant to within about 1 mV for 1 msec after a brief pulse in which 
the total outflow of potassium was about the same as that in the theoretical 
example just considered. 

Another reason for rejecting the second hypothesis is that it predicts improb- 
able concentrations of potassium at the end of the spike. Taking the outflow of 
potassium during the spike to be the function of time calculated by Hodgkin & 
Huxley (1952d, fig. 18), and using the superposition method to calculate the 
potassium concentration from equation (10a), it is found that the concentra- 
tion would reach a peak during the latter part of the falling phase and would 
decrease as ¢-* during the positive phase. If D were 2 x 10-"° cm*/sec, the peak 
rise in potassium concentration would be about 12 mm; at the beginning of the 
positive phase the excess concentration would be 9 mm and 0-5 msec later it 
would be 6 mm. This seems an improbable result because the high potassium 
concentration would obliterate the positive phase and would make the end of 
the spike depend on the rate at which potassium diffused away from the 
membrane. Since the diffusion process has a low temperature coefficient, the 
rate of change of membrane potential should not have the high temperature 
coefficient observed by Hodgkin & Katz (19495). 

Although the second hypothesis cannot be applied in its more extreme form 
there is evidently need for caution in accepting the value of 0 obtained by the 
first hypothesis, All the evidence could probably be explained satisfactorily 
by combining the first and second hypothesis and assuming a space of 5()- 
100 A. For these reasons the value of @ given in Table 5 cannot be expected 
to correspond exactly to an anatomical space. 

As a by-product the theoretical methods used in rejecting the second 
hypothesis were also used to calculate the rise in potassium concentration 
expected if these ions could diffuse freely from the surface membrane. If there 
were no external barrier, and if the diffusion coefficient near the excitable 
membrane were 1-5 x 10-5 cm?/sec, as in an aqueous solution, the maximum 
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rise in potassium concentration would be only 0-05 mm; 10 msec after the spike 
the value would be 0-006 mm. These values are very small compared with those 
observed in the present experiments. 


DISCUSSION 
The selectivity of the excitable membrane for potassium 

In cephalopod axons, the membrane potential during the positive phase and 
the apparent equilibrium potential for potassium ions do not obey the Nernst 
equation if the concentration of potassium in the external solution is less than 
about 20 mm (Hodgkin & Keynes, 1955; Hodgkin & Huxley,'19526). One 
explanation of the deviations is that the potassium-carrying system in the 
membrane is not perfectly selective and that other ions such as sodium begin to 
compete effectively when the potassium concentration is less than one- 
twentieth of the sodium concentration. The experiments described here indi- 
cate that an alternative explanation of the deviations is to be found in the fact 
that the potassium concentration immediately outside the excitable membrane 
is not necessarily the same as that in the external solution. For example, if a 
fibre in which the potassium permeability of the outer layer is 5 x 10-* cm/sec, 
were losing potassium at 100 pmole/cm* per sec, the potassium concentration 
near the membrane would be 2 mm higher than that in the external solution. 
Since a single impulse raises the potassium concentration by a further 1-2 mm, 
it is unreasonable to expect the membrane potential during the positive phase 
to obey the Nernst equation at concentrations below about 20 mm. Further 
work is needed to clear up this problem, but it seems likely that the selectivity 
of the potassium-carrying system in the membrane will prove to be greater 
than has previously been supposed. 


The negative after-potential 

The explanation of the negative after-potential discussed in this paper is 
similar to that proposed by Shanes (1951). More recently, Shanes et al. (1953) 
argued that the negative after-potential could not arise solely from an increase 
in potassium concentration because the potassium ions liberated in one impulse 
would not have much effect if they were distributed uniformly throughout the 
extra-cellular space. The objection disappears if one modifies the original theory 
by postulating a layer just outside the excitable membrane which prevents 
potassium ions diffusing freely from the fibre. This hypothesis works well for 
squid fibres in a normal medium, but there are difficulties in supposing that the 
negative after-potential always arises in this manner. 

As in other tissues (Gasser, 1937; Graham & Gasser, 1931) the negative after- 
potential of squid nerve is greatly increased by veratrine (Shanes, 1952). 
Although veratrine is known to increase the leakage of potassium per impulse 
(Shanes, 1951) this is probably not the sole cause of the increased negative after- 
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potential. In the first place veratrine may increase the negative after-potential 
of the squid axon five to tenfold (Shanes, 1952), whereas the potassium leakage 
of crab nerve is not more than doubled (Shanes, 1951). In the second place 
Shanes (1952) showed that two constituents of ‘veratrine’, veratridine and 
cevadine, have different effects. Veratridine gives a negative after-potential 
with a time constant of several hundred milliseconds; cevadine one which is 
shorter than that produced by veratridine but somewhat longer than that of 
the unpoisoned fibre. These observations are hard to reconcile with the present 
hypothesis, and it seems more likely that the enhanced negative after-potential 
in veratrine arises in a different manner from that in the unpoisoned fibre. The 
question could probably be settled by repeating the present experiments on 
squid axons which had been poisoned with veratridine or cevadine; until this 
has been done it seems unwise to speculate further. 

Although the negative after-potentials of vertebrate A fibres are not totally 
unlike those in the squid axon, there are several differences which make it 
difficult to apply the present hypothesis to myelinated fibres. In the first place 
the after-potentials of mammalian A fibres do not seem to add in a linear man- 
ner when the nerve is stimulated repetitively (e.g. Gasser, 1937, fig. 79). 
Whether the non-linearity is to be attributed to the process underlying the 
negative after-potential or to the development of the positive after-potential is 
not clear, but the situation is plainly more difficult to analyse than in squid 
fibres. Another line of evidence comes from studies with metabolic inhibitors. 
Gasser (1937) and Lorente de N6é (1947) have provided convincing evidence 
that the negative after-potential is closely linked with oxidative metabolism 
and that anoxia or carbon monoxide (Schmitt & Gasser, 1933) depress the 
after-potential more than the spike. If the nerve is allowed to recover after a 
period of anoxia, the after-potential far over-shoots its original size (Gasser, 
1937; Lorente de N6, 1947). These facts are not easily reconciled with the 
present hypothesis, but do not rule it out completely since anoxia might 
reduce the leakage of potassium per impulse or the sensitivity of the membrane 
to a small rise in potassium concentration. Another somewhat remote possi- 
bility is that agents which change the negative after-potential might do so by 
altering the properties of the Schwann cell or of some other layer outside the 
excitable membrane. 


Comparison with electron microscopy 
In a recent article Geren & Schmitt (1954) have published excellent electron- 
micrographs of the surface of the giant axon of Loligo. Fig. 16 is an attempt to 
represent some of their results in a line drawing. Owing to the complexity and 
variability of the Schwann cell layer this figure should not be regarded as 
typical and is reproduced here only in order to label some of the structures seen 
in Geren & Schmitt’s photographs. 
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_ At the surface of the axoplasm there is a sharply defined layer or membrane 
(a) which stains with osmic acid and appears to be about 50 A thick. Outside 
this, and spaced at a distance of about 100 A, there is a similar membrane (6,) 
at the inner border of the Schwann cell. The protoplasm of the Schwann cell 
layer appears to be interrupted by cracks; these are about 100 A wide and are 
lined on both sides with an osmiophilic layer, 6,, whch is continuous with the 
layer at the inner border of the Schwann cell. At the outer surface of the 
Schwann cell there is a single membrane, 6,, which is continuous with b, and 
b,. The appearance of the double membranes ab, or 6,), is similar to that of 
the double membranes at the surface of mitochondria (e.g. fig. 6 of Geren & 
Schmitt, 1954). The double membranes 6,), often run parallel to the axon 


Basement 
membrane 


Fig. 16. Line drawing of part of Schwann cell and surface of squid axon, based on electron- 
micrograph of Geren & Schmitt (1954), fig. 3. The dotted lines represent structures not clearly 
seen in Geren & Schmitt’s fig. 3, but shown in their fig. 2. a, b,, b, and 6, are dense osmio- 
philic layers. Much of the Schwann cell layer is thicker and more complicated than in this 
figure, 


surface for considerable distances, and should perhaps be regarded as intra- 
cytoplasmic layers rather than as cracks between overlapping processes of the 
Schwann cell. 

A tentative basis for our results is to suppose that layer a in Fig. 16 is the 
excitable membrane and that the region in which potassium ions accumulate is 
the space (S) between the layers a and 6,. In the photographs published by 
Geren & Schmitt the thickness of S is about 100 A, which is less than the value 
of 270 A obtained in the present work. This is not a serious objection because 
the argument on p. 370 indicates that 270 A may be too large, and no allowance 
has been made for possible shrinkage in Geren & Schmitt’s sections. However, 
the suggestion must be regarded as highly speculative, because there is no 
evidence that the space labelled S is an aqueous phase. 

Our experiments suggest that potassium ions escape from the space outside 
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the excitable membrane through an outer layer which is unselective and which 
has an electrical resistance of about 4.Q,.cm?*. This may be explained by sup- 
posing either that the Schwann cell membrane (5) has a relatively high 
permeability or that ions escape through cracks in the Schwann cell layer. In 
lobster fibres (Geren & Schmitt, 1954) there is little evidence of intracytoplas- 
mic layers or cracks, and here it would seem either that ions must pass through 
the Schwann cell membranes or that there are channels which have not been 
observed. The same may be true of squid fibres, but the possibility that ions 
pass through the spaces between the osmiophilic layers cannot at present be 
excluded on dimensional grounds. The cracks are sometimes longer and more 
tortuous than is shown in Fig. 16, but even if the total length were as much as 
3 and the aqueous space in the crack as little as 50 A there would only need 
to be one crack every 3, in order to give a resistance of 3-4 Q.cm?. 


SUMMARY 


1. Previous work has shown that the spikes of isolated squid axons are 
followed by a positive phase, during which the membrane potential approaches 
the equilibrium potential for potassium ions and is markedly affected by small 
changes in the external potassium concentration. 

2. At the beginning of a train of impulses the positive phases were not 
constant but declined exponentially to a steady level with a time constant of 
30-100 msec. 

3. The decline in the positive phase was correlated with the slow depolariza- 
tion resulting from the addition of successive negative after-potentials. 

4. Although there was considerable variation between fibres the following 
effects had about the same time constant in any one fibre: 

(a) The decline of successive positive phases at the beginning of a train of 
impulses. 

(6) The exponential build-up of the slow depolarization at the beginning of 
a train of impulses. 

(c) The recovery of the positive phase when a gap was made in a train of 
impulses. 

(d) The disappearance of the residual depolarization after one or many 
impulses. 

5. Both the change in positive phase and the residual depolarization were 
satisfactorily matched by an increase in potassium concentration. 

6. The same increase in potassium concentration also accounted for the 
small change in spike potentials seen during a train of impulses. 

7. The match between the effects of potassium and the cumulative effects of 
a train of impulses held over a range of potassium concentrations which had 
different effects on positive phase, resting potential and spike. 
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8. The apparent rise in potassium concentration after one impulse at 18° C 
was about 1-6 mM; the excess potassium then disappeared exponentially with 
a time constant of 30-100 msec. 

9. Warming decreased the after-effects and moderate cooling increased 
them. This is consistent with an increase in potassium leakage at low tem- 
peratures. The time constant with which the after-effects disappeared was not 
greatly affected by temperature, the Q,, being about 1-3. 

10. In order to explain the results it is necessary to suppose that potassium 
ions cannot diffuse freely from the excitable membrane but are restrained by 
an external barrier to diffusion. 

ll. The apparent thickness of the space between the excitable membrane 
and the external barrier was calculated as about 300 A. The permeability of 
the external barrier appeared to be about 6 x 10-* cm/sec. 

12. The polarization effect in voltage clamp experiments probably arises 
from an increase in the potassium concentration immediately outside the 
membrane; analysis of the effect also gave a value of about 300 A for the space 
in which potassium ions accumulate. 


We wish to thank the Swedish Medical Research Council and the Rockefeller and Nuffield 
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Some of the results were obtained by analysing records taken with Mr Huxley in 1949. 
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VIRTUAL DEUTERIUM OXIDE SPACE (TOTAL BODY WATER) 
IN NORMAL AND PROTEIN-DEFICIENT RATS 
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It is now well established that in undernutrition there is an increase in extra- 
cellular fluid space (Keys, Taylor, Mickelsen & Henschel, 1946; Denz, 1947; 
Widdowson & McCance, 1951). It is by no means certain, however, whether 
this increase is at the expense of the intracellular space or whether both the 
extracellular and intracellular fluid phases expand. Widdowson & McCance 
(1951) compared a series of undernourished German subjects with normal 
controls, and found no difference in the total body water, although the extra- 
cellular space was increased. In contrast, Gopalan, Venkatachalam & Srikantia 
(1953) reported an increase in total body water, due partially to marked 
intracellular overhydration, in patients with nutritional oedema. Dicker 
(1948) and Hegsted, Milner, Wilson & Ginna (1953) found an increase in 
chloride space in rats kept on a protein deficient diet, but while Dicker reported 
a considerable decrease of the intracellular fluid phase, Hegsted et al. found 
only a slight diminution. It was therefore of some interest to see whether 
water retention in experimental protein deficiency could be demonstrated, 
especially as ‘clinical’ evidence of oedema is often lacking. 

Very few determinations have been made of total body water in the rat 
using dilution methods. In other species this has been done using urea (McCance 
& Widdowson, 1951), antipyrine (Soberman, Brodie, Levy, Axelrod, Hollander 
& Steele, 1949), deuterium oxide (Hevesy & Hofer, 1934), and tritiated water 
(Pace, Kline, Schachman & Harfenist, 1947). Of these, deuterium, the 
naturally occurring stable isotope of hydrogen, has certain advantages. It 
introduces none of the radiation effects possible with tritium nor does it com- 
bine with plasma proteins like antipyrine (Hardy & Drabkin, 1952). Moreover, 
the validity of the urea method has been criticized by Levitt & Gaudino (1950) 
on the grounds that urea is unequally distributed in body tissues and that 
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significant variations occur in its endogenous formation. The use of hydrogen 
isotopes has always been limited by the difficult and lengthy procedures 
necessary for their determination. Recently, however, Haigh (1954) has 
described an apparatus for rapid estimation of deuterium, and in the present 


work this method has been applied to the determination of ‘deuterium oxide | 


space’ in experimental animals. 

When deuterium is irradiated by y-rays of energy greater than 2-23 MeV, 
photoneutrons are released in numbers proportional to the amount of 
deuterium present, and these may be counted. This reaction, *D(y, n)*H, is the 
basis of the new method of deuterium estimation (Haigh, 1953, 1954), the 
technique being to compare the yields of photoneutrons from unknown and 
standard deuterium preparations during successive, similar irradiations. 
A preparation of “Na is a convenient source of y-rays (2-76 MeV) and, when 
this is used, the principal condition of sample purity is simply freedom from 
*Be, since this is the only other naturally occurring element with a photo- 
neutron threshold below 2:76 MeV. Thus, the method requires no careful 
preparation and purification of samples, essential with the more conventional 
methods of analysis (Robertson, 1949; Kirshenbaum, 1951), and therefore 
avoids these sources of error. The whole procedure may be completed in an 
unusually short period of time: biological fluids may be placed directly in the 
apparatus and the photoneutron count commenced immediately. Using 
a 1000 mc Na preparation, samples containing as little as 0-02 vol. % of 
heavy water may be analysed and, to take a specific example, a 25 ml. sample 
containing 0-1 vol. % heavy water may be measured to +2% in less than 
10 min. In general, there is no reasonable upper limit to the sample volume, 
although it cannot conveniently be less than 10 ml. owing to the minimum 


size of the radiosodium preparation around which the sample is placed in an 
annular container. 


METHODS 


Male albino rats of the Wistar strain with weights ranging from 180 to 220 g were used as normals. 
Similar animals were placed for 11 weeks on a protein-deficient diet which, per 100 g, contained 
0-5 g protein and supplied approximately 300 cal. (For further details of diet and plasma 
chemistry of such protein-deficient animals see Schnieden & Blackmore, 1956.) 

The animals were first anaesthetized with ether. Polythene cannulae were inserted into the 
carotid artery, jugular vein and trachea. 1 ml./100 g body weight of 0-9% sodium chloride in 
99-87 % deuterium oxide was then injected intravenously using a tuberculin syringe, 5 min being 
taken for the injection. 0-1 ml. Nembutal solution (6-35 mg Nembutal/ml.) per 100 g body weight 
was then given intraperitoneally and the ether anaesthesia discontinued. In some animals both 
renal pedicles were ligatured immediately before the injection of the solution containing deuterium. 
Blood was withdrawn from the carotid artery into heparinized tubes at specified time intervals 
after the deuterium oxide injection and the plasma separated by centrifugation. The samples for 
measurement were prepared by diluting 1 ml. of plasma with 10 ml. distilled water, the heavy 
water concentrations in these solutions being usually of the order of 0-1 vol. %. A 10 ml. aliquot 
was measured against known standards using the photoneutron method. The experimental error 
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involved was not greater than +3%. A correction was applied for plasma solids, it being assumed 
that the plasma water for normal rats was 91-8 % by vol. (Heller, 1949). The plasma water of the 
animals on the protein-deficient diet was determined using the method also described by Heller 
(1949) and was found to be 96-4+ 0-8 (mean + s.x. of six animals). 


RESULTS 


The virtual deuterium oxide space in anaesthetized healthy rats, 10, 35, 65 and 
95 min after the intravenous injection of deuterium oxide isghown in Fig. 1. 
Equilibrium is reached at about 60 min. In Table 1, the Virtual deuterium 
oxide space, at 65 min, of rats which had both renal pedicles ligated is com- 
pared with that of both normal rats and rats which had been kept on the 
protein-deficient diet. There was no significant difference between the normal 
rats and those whose renal pedicles were ligated, but the deuterium oxide 
space in the protein-deficient animals was significantly greater. 
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Fig. 1. Virtual deuterium oxide space in normal rats (mean+s8.£.) as a function of the time 
following intravenous injection of deuterium oxide. Figures in parentheses indicate number 
of animals used for the tests. 


TaBLz 1. Total body water (virtual deuterium oxide space) expressed as 
a percentage of body weight (mean + 8.8.) 

Virtual deuterium oxide space (60 min after end of deuterium oxide injection) in normal, 
‘nephrectomized’ and protein-deficient rate. Figures in parentheses are number of animals used. 
The individual measurements of plasma deuterium concentration, from which these values were 
calculated, were subject to an experimental error + 3%. 
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DISCUSSION 


Ligation of both renal pedicles had little effect on the measured virtual 
deuterium oxide space; which was not unexpected, since both ether and 
Nembutal have been shown to increase the antidiuretic activity of the blood 
(Ginsburg & Heller, 1953; Ginsburg & Brown, personal communication). This 
means that the loss of deuterium in the urine was extremely small during the 
period of observation. 

Equilibration of deuterium oxide appears to be established in the rat much 
sooner than in human beings. Schloerb, Friis-Hansen, Edelman, Solomon 
& Moore (1950) reported that 2 hr were required for equilibrium to be reached 
in human subjects, and this has been confirmed by Ljunggren (1955), and 
also by some recent work of our own (to be published later) in which photo- 
neutron measurements were made on specimens of human urine. 


Tasie 2. Virtual deuterium oxide space (total body water) in different species 


Virtual 
deuterium 
oxide space 
Species Author (% body wt.) 
Man Schloerb e¢ al. (1950) 52-62 
Hardy & Drabkin (1952) 55-60 
Levitt & Gaudino (1950) . 63 
Rabbit Moore (1946) 72-7 
(mean) 
Guinea-pig Flexner, Gellhorn & Merrell (1942) 63 
(mean) 
Rat McDougall et al. (1934) 66 
(mean) 
Present series 70-2 
(mean) 


The virtual deuterium oxide spaces reported for different species are com- 
pared in Table 2. In the present series the values for this space were greater 
than that obtained by McDougall, Verzar, Erlenmeyer & Gaertner (1934), 
whose result was, however, based on observations in only two rats which had 
been fasted for 20 hr. Our animals were allowed food and water ad lib. up to 
the time of the anaesthesia. It is possible that dehydration may have caused 
a decrease in total body water in the rats used by McDougall et al. 

Da Costa & Clayton (1950), using a desiccation procedure, have reported 
that the total body water in rats ranged from 63 to 67% of the body weight. 
The present value given by the deuterium method is somewhat higher. Apart 
from experimental errors, this may be explained to some extent since it is 
known that deuterium exchanges with all labile hydrogen in the body 
(Ljunggren, 1955) and this results in the total body water being overestimated. 
According to Hevesy & Jacobsen (1940-41) and Schloerb et al. (1950), the 
magnitude of this error is between 1 and 2% of the body weight. 
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The animals kept on a protein-deficient diet had greater total body water. 
This shows that under these conditions there is water retention and the oedema 
is not due entirely to an increase in the extracellular space resulting from fluid 
transference from the intracellular space. 


SUMMARY 


1, The virtual deuterium oxide space in rats has been determined using 
a photoneutron measurement technique. 

2. After intravenous injection of heavy water its equilibrium in body water, 
as measured from carotid blood plasma, was observed after approximately 
l hr. There was no significant renal loss during this time. 

3. A greater deuterium oxide space was found in protein-deficient animals, 
showing that the oedema was not due entirely to fluid transference from the 
intracellular to the extracellular space. 


Our thanks are due to Prof. H. Heller for his active interest and criticism throughout the work. 
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In toxaemia of pregnancy in the sheep (‘twin lamb disease’) there is evidence 
that renal function may be impaired; proteinuria and a raised blood urea 
concentration may occur (Groenewald, Graf & Clark, 1944; Parry, 1950) and 
at autopsy an unusual pallor of the renal cortex is frequently observed 
(Parry, 1950). 

The experim.ntal induction of the disorder (Parry, 1954) provided an oppor- 
tunity to study these disturbances by means of renal function tests, a pre- 
liminary account of which has been given (Parry & Taylor, 1955). This paper 
describes more fully observations made in ewes during the last 50 days of 
gestation in normal and toxaemic pregnancies. 


METHODS 


Animals. The sei were multiparous ewes of the Suffolk, Border—Leicester x Cheviot, Hamp- 
shire x Clan, Kerry Hill, Southdown and Welsh Mountain breeds. They weighed 59-95 kg, were 
in-lamb to Suffolk and Hampshire Down rams, except the one Welsh Mountain ewe which was 
in-lamb to a ram of ite own breed. 

The ten normal ewes came from one farm and were being used for other studies in the Institute ; 
they carried one to three lambs, average litter size 1-8, of gestational age 93-145 days, mean 123 days; 
they weighed 58-7-04-6 kg, mean 81-2 kg and their kidneys weighed 119-246 g, mean 182 g. The 
twelve ewes with toxaemia came from a number of different farms. Seven with spontaneous 
toxaemia were brought to the laboratory after the disease had occurred naturally ; they carried two 
or three lambs, average litter size 2-7, of gestational age 115-147 days, mean 131 days; they weighed 
43-3-81-9 kg, mean 70-5 kg, and their kidneys weighed 145 to 242 g, mean 188 g. The five experi- 
mental cases were induced by the technique already described (Parry, 1954); they all carried 
twins of gestational age 128-145 days, mean 135 days; they weighed 52-9-83-5 kg, mean 68-9 kg, 
and their kidneys weighed 108-274 g, mean 191 g. 

The severity of the toxaemia was divided into three stages on clinical criteria. In stage 1 the 
signs were inconspicuous and appeared for brief periods only; in stage 2 neurological signs were 
often conspicuous, but the animal was still able to move about; stage 3 was characterized by 
prolonged periods of coma. 

Renal clearances. During the renal clearance experiments the sheep, which had had free access to 
water, were suspended in sternal decubitus in a hammock, with their legs through openings in it 
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and their feet clear of the ground. Even ewes near term would remain lying quietly in this way for 
2-3 hr. Urine was collected by intravesical catheter and the bladder washed out at the beginning 
and end of each 30 min collection period. Jugular venous blood was obtained at the mid-point of 
the urinary collection period for urea and endogenous creatinine clearances. Exogenous creatinine 
and p-aminohippurate clearances were determined 30 min after a single intravenous injection of 
these substances, blood samples being taken at the beginning and end of the collection period. 
Mean plasma concentrations were calculated graphically by assuming a linear fall of concentration 
during the time of collection and allowing 2 min for the time taken for urine to travel from kidney 
to bladder. 

Analytical methods. The following were used: blood urea, Archer & Robb (1925); urinary urea, 
Harrison (1947); blood and urinary creatinine, King (1951); plasma and urinary p-aminohippurate, 
Goldring & Chasis (1947). The packed cell volume was determined by centrifuging in a Wintrobe 
tube at 3000 rev/min for 30 min. 

Blood pressure, The blood pressure was measured at the end of the last urinary collection period, 
while the animal was in the hammock. The left carotid artery was exposed under local anaesthesia 
(0-5% procaine) and the blood pressute measured by a condenser manometer of frequency re- 
ponse about 150 c/s (gaugehead and needle). 

Morbid anatomy and histology. A detailed autopsy and histological examination of the principal 
tissues were carried out on all animals to confirm the diagnosis and to exclude the presence of 
other pathological conditions. Three toxaemic sheep died of the disease; the remaining normal and 
toxaemic sheep were killed by exsanguination under pentobarbital sodium anaesthesia, which had 
lasted 3-6 hr and during which laparotomy and other surgical procedures had been carried out. 
The time elapsing from the last renal clearance to death was 4-8 hr in all but four animals, in three 
of which, toxaemic animals, it was 13-120 hr and in one normal animal 18 days. The kidneys were 
examined macroscopically and placed in 10% formol saline within 4 hr of death. Frozen sections 
ba Gieson and iron haematoxylin. 


RESULTS 

Blood urea. The mean blood urea concentration (Table 1) in normal pregnant 
sheep was 39 mg/100ml., in experimental toxaemia 69, in spontaneous 
toxaemia 74 and in both groups of toxaemic sheep together 72 mg/100 ml. In 
toxaemia of pregnancy, therefore, the blood urea was significantly higher 
(¢=3-59, P<0-001) than in normal pregnant sheep. 

Plasma creatinine. In normal pregnant sheep the mean plasma creatinine 
concentration (Table 1) was 1-3 mg/100 ml., whereas in experimental toxaemia 
it was 2-1 mg/100 ml., in spontaneous toxaemia 1-7 mg/100 ml. and in all the 
toxaemic animals together 1-9 mg/100 ml. Statistical analysis indicates that 
this difference between normal and toxaemic animals is significant (t = 2-50, 
P <0-05). 

Packed cell volume. In normal pregnant sheep the packed cell volume 
(Table 1) averaged 34-8%%, whereas in the experimental and spontaneous 
toxaemic groups it was respectively 42-2 and 43-6 %. For both toxaemic groups 
together the mean was 43-0%. The packed cell volume in toxaemic sheep was 
therefore significantly higher than in normal pregnant animals (t=3-1, 
P<0-01). The meaning of this difference is discussed below. 

Urinary urea concentration. The highest urinary urea concentration 


Tass 1. Data relating to renal function in normal pregnant ewes and ewes affected with toxaemia of late pregnancy 
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observed in normal pregnant sheep was 5-5 g/100 ml. at ‘a urine flow of 
0-38 ml./min and the lowest 0-7 g/100 ml. at 5-0 ml./min. In toxaemic sheep 
the highest concentration observed was 4-5 g/100 ml. at a urine flow of 
0-26 ml./min and the lowest 1-1 g/100 ml. but ata urine flow of only 0-11 ml./min. 
Ten of the toxaemic animals concentrated urea in the urine normally but in 
two, despite low urine flows and high blood urea concentrations, the urinary 
urea concentration was lower than might have been expected. 

Urea clearance. In normal pregnant sheep the urea clearances (Table 1) 
varied from 25 to 113 ml./min. In both experimental and spontaneous 
toxaemia the clearances were in general lower, ranging from 1 to 42 ml./min 
and from 4 to 50 ml./min respectively. No valid basis for a proper comparison 
of these results has been found, for in toxaemia the urea clearances (per g kid- 
ney weight) are significantly correlated with the urine flow (r=0-694, 
P <0-001) but not in the normal animals. Furthermore, the urea clearance of 
normal animals could not be significantly related to urine flow by applying 
formulae of the type proposed by Vaughan Williams (1946) for rabbits, nor 
could it be significantly correlated with the square root of the urinary volume 
as it is in man (Méller, McIntosh & Van Slyke, 1929). 

Endogenous creatinine clearance. The endogenous creatinine clearances of 
normal pregnant and toxaemic sheep are shown in Table 1. No significant 
difference was observed between the two toxaemic groups, but in both the 
clearances were much lower than in normal pregnant animals, so that the 
mean clearance for all the toxaemic sheep was significantly less than that for 
the normal pregnant animals when calculated absolutely, per kg body weight 
or per g kidney weight. 

Exogenous creatinine clearance. Exogenous creatinine clearances were deter- 
mined at plasma creatinine concentrations of from 6 to 15 mg/100 ml. The 
results resemble those for endogenous creatinine, the two toxaemic groups 
giving mean clearances very similar to each other but the mean (54 ml./min) 
for all the toxaemic animals being significantly less than that (135 ml./min) for 
normal pregnant sheep whether measured absolutely, per kg body weight or 
per g kidney weight (Table 1). 

Para-aminohippurate clearances. Since no previous record could be found of 
the determination of renal plasma and blood flow from p-aminohippurate 
clearances in the sheep, it was first necessary to determine the plasma 
p-aminohippurate concentrations at which the kidneys could achieve com- 
plete extraction from renal arterial plasma. This was done under pentobarbital 
sodium anaesthesia in two normal animals and one toxaemic animal by 
simultaneous direct collection of blood from the carotid artery and right renal 
vein. It was found that for both normal and toxaemic animals the extraction 
ratio of p-aminohippurate 30-70 min after the injection approached 90% at 
mean plasma concentrations of approximately 0-7 mg/100 ml. or less. All 
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determinations of p-aminohippurate clearances have therefore been made at 
concentrations less than 0-7 mg/100 ml. plasma. 

The data for renal plasma and blood flow are given in Table 1 and show that, 
whereas there was no significant difference between the two toxaemic groups, 
in the toxaemic sheep as a whole the mean renal plasma and blood flows are 
significantly reduced when compared absolutely, per kg body weight or per 
g kidney weight with the mean values for normal pregnant sheep. - 

Exogenous creatinine clearance/renal plasma flow ratio. Shannon (1937) found 
in ten observations made during three experiments on a single normal non- 
pregnant sheep that the exogenous creatinine clearance equalled the inulin 
clearance and that both measured the glomerular filtration rate. If it be 
accepted from this that the exogenous creatinine clearance also measures the 
glomerular filtration rate in normal pregnant or toxaemic sheep, the above 
ratio will measure the filtration fraction (Table 1). For normal pregnant sheep 
the mean filtration fraction was 0-280, for the experimental toxaemic group 
0-190 and for the spontaneous toxaemic group 0-221. Although statistically 
the spontaneous group does not differ significantly from the experimental 
group or from the normal pregnant animals, if the toxaemic animals are taken 
together the mean filtration fraction is 0-208 and is now significantly less than 
that of normal pregnant sheep. 

Exogenous creatinine clearance/renal blood flow ratio. Since the packed cell 
volume in toxaemic sheep was higher than that of the normal pregnant animals 
and the ratio of renal blood flow to renal plasma flow correspondingly greater, it 
is perhaps more instructive to compare the proportions of plasma filtered at the 
glomerulus in terms of renal blood flow than of renal plasma flow. The ratio 
of exogenous creatinine clearance to renal blood flow is shown in Table 1 and 
is significantly lower in the toxaemic animals than in normal pregnant sheep. 

Blood pressure. The carotid blood pressure was closely similar in the normal 
and toxaemic sheep (Table 1). Six normal ewes had an average systolic/diastolic 
pressure of 114/86 mm with a range of 98/70 to 150/110 mm. In eight toxaemic 
ewes the average systolic/diastolic pressure was 108/84 mm with a range of 
95/50 to 138/115 mm. Apart from one sheep with the low blood pressure of 
95/50 mm, which was in a late stage of toxaemia, and a normal sheep with 
& high pressure of 150/110 mm, the blood pressures fell within the normal 
Tange for ewes at this stage of pregnancy (Parry, 1954 and unpublished 
observations). It would seem, therefore, that variations of systemic blood 
pressure are not responsible for the djferences of renal function. 


Relation of renal function to severity of tocaemia 
Table 2 shows the mean clearances per g kidney weight during each of the 
three stages of toxaemia. The numbers of animals are so small that it is 
impossible to assess with confidence the significance of these results, but so far 
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as they go they indicate that the glomerular filtration rate and the renal 
plasma and blood flow fall as toxaemia progresses: and that the plasma flow 
and blood flow fall relatively more slowly in the early stages and more rapidly 
later, whereas the glomerular filtration rate falls steadily throughout. No 
relationship could be established in either normal or toxaemic sheep between 


renal function and the stage of pregnancy, nor between renal function and 
litter size. 


Morbid anatomy and histology of the kidney 


The kidneys of the toxaemic animals showed no gross macroscopic abnor- 


mality, except in two animals dying of the disease, in which the cortex was 
markedly pallid. In sections there was a slight to moderate amount of fat in 
the cells of the straight tubules of the cortex and of some convoluted tubules; 
hyaline deposits and eosinophilic detritus were present in the capsules of some 
glomeruli and in the lumina of some convoluted tubules; in portions of some 
sections the mesangium of the glomerular tuft appeared swollen and the nuclei 
of the proximal convoluted tubules unstained, while in many sections there 
were areas where the nephrons were closely packed together with obliteration 
of the capsular space, the lumina of the tubules and intertubular space. How- 
ever, as all these features occurred to a similar extent in both normal and 
toxaemic animals they can hardly be attributed to the toxaemic process; thus 
no specific morphological lesion could be found associated with the changed 
renal clearances in the less severe stages of toxaemia of these sheep. 


DISCUSSION 
The results indicate that in toxaemia of pregnancy in the sheep there may be 
a considerable impairment of renal function and particularly a reduction of the 
endogenous and exogenous creatinine clearances with a resulting fall in the 
filtration fraction. This impairment is unlikely to have resulted from changes 
in blood pressure for the latter did not differ significantly in the toxaemic and 
normal animals. 

In view of the objections which have been raised (Smith, 1951, pp. 57-62) 
to the single injection method for determining renal plasma flow, the possibility 
that the differences observed may be due to the use of this technique must be 
considered. Great care was taken in all determinations of renal plasma flow to 
use an identical experimental procedure so that the results are strictly com- 
parable from animal to animal. The only appreciable error that is likely to 
arise is therefore in the calculation of the mean plasma p-aminohippurate level 
from the assumption of a linear fall of concentration. Such an assumption 
would tend to give low values for renal plasma flow. The extent of this error 
was ascertained in two of the three sheep in which extraction ratios were 
determined; in one normal animal the p-aminohippurate concentration fell 
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TaBLe 2. Renal function at different stages of toxaemia of late pregnancy: the mean values of the renal clearances in ml./min/g kidney weight. 
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linearly over the period 30-60 min after injection and in the other, a toxaemic 
animal, the true mean p-aminohippurate concentration was within 10% of 
that calculated from a linear fall. It would seem, therefore, that the values for 
renal plasma flow in Table 1 are likely to be not more than 10% below their 
true levels and that even if this error were to occur only in the toxaemic sheep 
it would not account for the differences from normal pregnant animals which 
have been observed. | 

With the increased packed cell volumes and low urine flows in the toxaemic 
sheep, the possible role of dehydration in causing the reduced clearances of the 
toxaemic sheep must be considered. Whilst clinical observation would suggest 
that toxaemic sheep drink less than normal pregnant sheep, there are no 
quantitative data on this point. It should be noted, however, first that toxaemic 
sheep are occasionally oedematous, secondly that in both normal and toxaemic 
sheep renal clearances were not correlated with the packed cell volume, and 
thirdly that toxaemic sheep with packed cell volumes within the normal range 
had lower renal clearances than normal pregnant sheep. For these reasons it is 
felt that dehydration does not play a major part in the production of reduced 
renal clearances in toxaemic sheep but that there is an impairment of 
renal function which is an integral, though as yet unexplained, part of the 
disease-process. 

No previous records of renal clearance determinations in pregnant sheep 
have been found, nor of renal blood and plasma flow determinations in any 
sheep. There are, however, observations on the glomerular filtration rate in 
non-pregnant sheep with which our results may be compared (Table 3). It may 
be seen that our results for the exogenous creatinine clearances are of the same 
order as those reported for the glomerular filtration rate in non-pregnant 
Merino sheep, although they are rather lower when expressed in terms of unit 
body weight. As full details of the techniques used have not yet been published, 
it is only possible to say that the glomerular filtration rate as measured in 
our pregnant ewes without special hydration is rather lower than that 
obtained in non-pregnant Merino sheep measured by a continuous infusion 
technique. 

It is of some interest to compare the renal clearances of toxaemic sheep with 
those found in human toxaemia of pregnancy. 

The data for human cases (see Smith, 1951, pp. 637-43; Dieckmann, 
1952a; Sophian, 1953) show considerable variations, which may be explained 
by differences in the stage of the toxaemic process and in the nature and 
duration of treatment at the time of the observations (Assali, 1954); and by 
the possibility that there are rapid changes in the circulation of short duration. 
due to general circulatory instability, rather than irreversible vascular changes 
(Kenney, Lawrence & Miller, 1950a). The consensus of opinion seems to be 
that in general the glomerular filtration rate is normal or reduced, while the 
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renal blood flow is normal or raised, thus giving a lowered filtration fraction 
(Smith, 1951, p. 642). If this view is correct it would seem that the distur- 
bances of renal function in human toxaemia of late pregnancy differ from those 
observed in toxaemic sheep, in which a fall in both exogenous creatinine 
clearance and in renal blood flow was found. However, the more recent studies 
of Kenney, Lawrence & Miller (1950a, 6) and Assali and his colleagues (Assali, 
1954) have demonstrated that a reduction in renal plasma and blood flows of 
the same order as the reduction in glomerular filtration rate occurs, so that 
the filtration fraction is unaltered or only slightly lowered. Such a pattern 
of renal dysfunction is similar to that observed in our sheep. Furthermore, 
the absence of specific morphological changes in the kidneys of our 
toxaemic sheep, except the occurrence of unusual amounts of fat in the 
tubules of those dying of the disease, is in agreement with the findings in 
the human disease. Although many observers have thought that there were 
definite morphological changes in the human toxaemic kidney, the evidence 
for this is unconvincing (see Dieckmann, 1952): and Govan (1954) has failed 
to find significant histological differences in the kidneys of women dying of 
toxaemia when compared with those of women at a similar stage of gestation 
dying of other causes. These observations suggest that the renal changes in 
toxaemia in the sheep may be purely functional and in the main reversible as 
in man (Kenney et al. 19506), for affected sheep recover if they survive the 
puerperium. 

Thus a similarity of the pattern of renal dysfunction in sheep and man can- 
not yet be excluded, although the disorder in sheep obviously differs from that 
in man in a number of features, notably in the absence of hypertension, 
which is usually present in man. 


SUMMARY 

1. In ten normal pregnant sheep mean values for blood urea concentration, 
plasma creatinine concentration, endogenous and exogenous creatinine 
clearances, renal plasma flow and renal blood flow have been determined. 
Observations have also been made on the urinary urea concentration and the 
urea clearance. 

2. Similar data have been obtained for five sheep with experimentally 
induced toxaemia of late pregnancy and seven with spontaneous toxaemia. No 
significant differences were observed between the two toxaemic groups. 

3. Toxaemic sheep showed a considerable impairment of renal function 
when compared with the normal pregnant sheep, as shown by raised blood 
urea and plasma creatinine concentrations, lowered urea and endogenous and 
exogenous creatinine clearances, lowered renal plasma and blood flows, and 
lowered ratios of exogenous creatinine clearance/renal plasma flow and exo- 
genous creatinine clearance/renal blood flow. 
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4. Impairment of renal function in toxaemic sheep does not result from 
changes in blood pressure or dehydration, but is a fundamental, though as yet 
unexplained, part of the disorder. 


5. The pattern of renal dysfunction in toxaemic sheep is compared briefly 


with that observed in toxaemia of late pregnancy in man. 
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VARIATIONS IN THE COMPONENTS OF THE VENTILATION 
HINDRANCE OF CAT LUNGS 


By L. E. MOUNT 
From the Institute of Animal Physiology, Babraham, Cambridge 


(Received 11 August 1955) 


The non-linear relation between work/cycle and ventilation frequency for the 
lungs of the open-chest rat preparation has been interpreted in terms of two 
types of flow-resistance in the lung, one dependent on the nature of the venti- 
lating gas and the other gas-independent (Mount, 1955), corresponding to the 
‘air viscance’ and ‘structure viscance’ of Bayliss & Robertson (1939). Similar 
observations have now been made on cat lungs under comparable conditions, 
and in addition the effects of nerve stimulations and the actions of some drugs 
have been recorded. 

The total pressure variation across the lungs when lung volume is varied 
cyclically may be termed the hindrance pressure, which is the vector sum of 
the pressures developed across the lungs in relation to flow-resistance and 
compliance, these two pressures depending on the rate of lung volume change 
and lung volume respectively. In order to observe short-term effects of drug 
action and nerve stimulation on these two components of the hindrance 
pressure continuous recording is desirable, and a method has been developed 
for this purpose. Factors involved in this type of recording, derived from the 
pressure-volume diagram, have been discussed previously (Mount, 1955). 


METHODS 

Cats (wt. 2-3-4-0 kg) were anaesthetized with 0-05 g chloralose and 0-5 g urethane/kg intra- 
peritoneally. The trachea was cannulated and the chest opened by a mid-line incision ; the internal 
mammary vessels were tied and divided, and the phrenic nerves cut. With the diaphragm thus 
paralysed, the chest was opened widely to interfere as little as possible with lung movement. The 
left and right cervical vagosympathetic nerves were exposed, separated into their predominantly 
vagal and predominantly sympathetic bundles, and cut between ligatures. Nerve stimulations 
were carried out by a square-wave electronic stimulator. Drugs were injected in the cannulated 
right femoral vein. | 

A Starling Ideal pump was used for positive pressure ventilation of the lungs both during the 
preparation procedure and later in the experiment in intervals when the lungs were switched from 
the recording pump, as described below. Water valves controlled inspiratory and expiratory 
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pressures with the Starling pump; pressure at the end of expiration was generally kept at 2 cm 
water with both pumps. 

The ventilation hindrance and its components were assessed from tracheal pressure measure. 
ments during ventilation by the recording pump at constant stroke volume. The stroke volumes 
used were in the region of 40 ml., with frequencies of 9, 24-5 and 51 c/min. The pump was made on 
the crankshaft principle, with a long connecting rod and adjustable stroke volume, and was nearly 
sinusoidal in its volume delivery against time. When the recording pump was in operation, CO, 
was absorbed in a soda-lime tube, and the pump—soda-lime-lungs system was closed throughout 
each cycle except at the end of each expiration (i.e. at bottom dead centre of the pump stroke) 
when the system was opened by a trigger mechanism for a brief interval to a reservoir of oxygen 
at a pressure of 2 cm water; this ensured that each pump cycle began at this base-line pressure, 
and simultaneously it restored the volume decrease of the system due to oxygen consumption by 
the cat and absorption of expired CO, by the soda-lime. The lungs could be ventilated either by 
air or by gas delivered from a spirometer. 

The principal type of recording used operated as follows. Tracheal pressure was transmitted 
directly to three membrane manometers in parallel, with their writing points arranged one above 
the other on the kymograph. The bottom manometer recorded the pressure variation throughout 
the cycle as a continuous trace; this overall pressure swing was the ventilation hindrance pressure, 
P,. The middle manometer moved in phase with the bottom one, but the writing point moved 
parallel to the drum surface and 2-3 mm from it, only making contact with the paper at instants 
of top and bottom dead centres of the pump (instants of no gas-flow in the trachea), when the 
point was very briefly pulled laterally on to the drum by an electromagnet situated near the 
fulcrum of the manometer lever, and activated by contacts on the pump piston rod. The vertical 
distance between the two lines of dots so recorded gave P,, the compliance pressure; P, is inversely 
proportional to the compliance and is a direct measure of the elastance. The top manometer also 
moved in phase with the other two, but only wrote on the drum when the pump piston was at 
mid-stroke, and therefore travelling at its maximum velocity, again using an electromagnet and 
contact arrangement. The vertical distance between these lines of dots gave P,, the maximum 
flow-resistance pressure, the sum of the dynamic components of pressure associated with maxi- 
mum flow-rate in each direction. 

Fig. 1 shows recordings of the three pressures from a model; the shape of the pressure-volume 
diagram in any given case could be obtained by switching the contacts so that both P, and P. 
were recorded by the same manometer, and could be plotted with values relative to each other 
against lung volume as determined by pump piston position. 

In addition, in two experiments with the same recording pump system, pressure was measured 
with a condenser manometer and P, and P, displayed on the oscilloscope by a modification of the 
method described previously (Mount, 1955). This type of recording gave results similar to those 
obtained on the kymograph, but in view of the necessity for photographic procedures was much 
less convenient than direct display on the kymograph, with the great facility which the latter 
provided for immediate comparison of values at different times in the course of an experiment. 
However, the manometers used with kymograph recording had natural frequencies between 
10 and 11 c/sec, and this limited the frequency range for faithful recording to approximately 
60 c/min. 

A correction, unnecessary in the case of oscilloscope recording, was applied to results from the 
direct kymograph method if it was desired to refer these to zero values. When an electromagnet 
was energized from the pump contacts whilst its corresponding manometer lever was moving in 
the vertical plane, the lever continued to move vertically during the small but finite period in 
which the pointer was accelerated horizontally on to the drum, with the consequence that the 
pressure level at the instant of drum recording was slightly different from that at the instant of 
the pump contact being made. The correction to be subtracted depended on the vertical velocity 
of the manometer lever at contact time, and this velocity was proportional to pump frequency and 
P,, amplitude (to which all three manometers were subject), and was determined by the point in 
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the P, cycle at which contact was made. In practice, P, was the only value requiring correction ; 
unless the flow-resistance was very large, the P, manometer lever was nearly stationary (i.e. at 
point of reversal) at the time its electromagnet was energized. 

The correction required was measured on models with compliance and flow-resistances (rubber 
bag and glass tubes) of the same order as those found in cat lungs. Tests on a compliance alone, 
using hydrogen as well as air as the working gas, showed that the apparatus connexions (soda-lime 
tube and connecting tubes) had no measurable flow-resistance at the stroke-volumes and 
frequencies used in the cat experiments, With compliance alone the plote for P, on air were 
indistinguishable from those on hydrogen, and gave the correction necessary for mechanical lag 
of the recording lever under the given conditions of frequency, P, and zero flow-resistance. With 
the introduction of flow-resistance, P, on air showed higher values than P, on hydrogen for thesame 
frequency and stroke-volume, as expected from the lower viscosity and density of hydrogen. 


Fig. 1. P,, P, and P, for a resistance liance model. Between A and B stepwise changes were 


made in flow-resistance, without change in compliance. On the right of the figure the two 
upper manometers were each recording both P, and P,, thereby giving the shape of the 
pressure-volume diagram. Ordinate calibrations: 10cm H,0. Time marks: 5 sec. Pump 
frequency: 24-5 per min. 


RESULTS 


Measurements of P,, P, and P, were made in eight cats. In each animal the 
circulation was intact at the time the observations were made, with heart- 
rates ranging from 160 to 230/min. Respiratory efforts were just suppressed 
by the ventilation supplied by the recording pump; the cessation of artificial 
respiration caused the rapid onset of marked respiratory movements. All the 
observations reported were made after section of both yeqbnene vagus and 
sympathetic nerves. 
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Variation of frequency. In Table 1 values for P, at pump frequencies of 
9 and 51 c/min are related to the value at 24-5c/min taken as unity, for 
Expts. 2-5 and 8 in the absence of drug action or nerve stimulation. The results 
from a simple resistance-compliance model and the theoretical viscous flow 
ratio values, included for comparison, refer only to a rigid tube system such as 
that in the model employed. No attempt was made to compare the lungs with 
models containing elastic tubes of which the calibre, and therefore the flow- 
resistance, would vary during the ventilation cycle. In Expt. 2 oscilloscope 
recording was used, and consequently P, did not require the correction for 
mechanical lag of the manometer lever applied to the three-manometer kymo- 
graph measurements in the other four experiments. Lowering the frequency 
from 24-5 to 9 c/min produced a much smaller decrease in P, in the lungs than 
that found in the model or from the theoretical prediction of P, assuming 
streamline flow. In addition, P, showed a small rise with rise in frequency. 


TasLx 1. Values for P, at frequencies of 9 and 51 ¢/min referred to P, at 24-5 c/min as unity. 
The figures in brackets in the third column are actual values for P, (em H,0) at 24:5 c/min. 


Frequency (¢/min)... 9 24-5 51 
Expt. 2 0-86 1-0 (1-18) 2-80 
Expt. 3 0-76 1-0 (0-54) 1-51 
Expt. 4 0-62 1-0 (1-46) 2-06 
Expt. 5 0-81 1-0 (0-48) 2-10 
Expt. 8 0-87 1-0 (0-75) 1-69 
Means of expts. 0-78 1-0 2-03 

0-29 1-0 (0-51) 3-45 
Theoretical viscous flow ratio 0-37 1-0 2-08 


Pilocarpine hydrochloride. The action was examined in six cats, the total 
dose in each experiment being 2 mg intravenously given as 1 mg injections 
separated by a variable time interval. In every cat the proportionate effect 
on P, was greater than that on P,; the action is typified in Fig. 2. If the 
initial values of both P, (corrected) and P, were taken as unity, at the peak 
effect P, was 8-8 (range 2-4-17-0), and P, was 1-9 (range 1-0-2-6). 

Cervical vagus stimulation. A total of fifty-four square-wave stimulations of 
the cut caudal end of the left or right cervical vagus were made in six cats, 
including stimulations after the administration of pilocarpine. The usual 
stimulus was at 5 V, with a pulse-width of 1 msec and a frequency of 50 c/sec, 
but pulse-widths of 0-1 and 10 msec were also used without measurable 
variation in effect. Stimulation produced increases in both P, and P,, with 
a greater effect on P, in every case (Fig. 3). As an approximate average for the 
whole series, including those after pilocarpine, and taking initial values of both 
P, (corrected) and P, as unity, P, was increased at the peak effect to 4-0 and 
P, to 1-4. Vagal stimulations during the action of pilocarpine in three experi- 
ments produced smaller proportionate effects on both P, and P, than in the 
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Fig. 2. P,, P, and P, from Expt. 4 (cat, J, 3-4 kg). At A and B 1 mg pilocarpine hydrochloride 
was injected intravenously, followed by an increase in P, and a smaller increase in P,. At C, 
P, and P, were recorded jointly by both upper manometers. Stimulations of caudal ends of 
cut nerves: D, right cervical sympathetic; E, left cervical sympathetic; F, right cervical 
vagus; G, left cervical vagus. All stimulations were at 5 V, 1 msec pulse duration and 50 c/sec. 
Ordinate calibrations: 10 cm H,O, Time marks: 5 sec. Pump frequency: 24-5 per min. Pump 
stroke volume: 37 ml. 


Fig. 3. P_, P, and P, from Expt. 5 (cat, J, 3-5 kg). Stimulations of caudal ends of cut nerves: 
A, C, E and G, left cervical vagus; B, D and F, left cervical vagus and left cervical sympathetic 
together; H, left cervical sympathetic alone. All stimulations were at 5 V, 1 msec pulse 
duration and 50 c/sec. At K 200 ug histamine acid phosphate was injected intravenously 
1} hr after H. The relative positions of manometer writing-points were the same in the 
second part of the tracing as in the first. Ordinate calibrations: 10 cm H,0. Time marks: 
5 sec. Pump frequency: 24-5 per min. Pump stroke volume: 37 ml. 
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absence of the drug, but the increments due to stimulation were similar in each 
case (Fig. 2). 

Cervical sympathetic stimulation. A total of fifty-one square-wave stimula- 
tions of the caudal end of the cut right or left cervical sympathetic nerve were 
made in six cats. There was no marked effect due to pulse-width variation 
through 0-1, 1, and 10 msec in any given case. Eighteen stimulations in six 
cats with no ‘background’ activity in the lungs (that is, no previous factors 
tending to increase P, and P,) produced no measurable effect on any occasion. 
Eighteen stimulations in five cats under the influence of pilocarpine failed to 
produce any effect in seven instances (all in Expt. 3); the remaining eleven 
reduced both P, and P,, the effect on P, being proportionately greater than 
that on P, (Fig. 2). A reduction of both values also occurred with stimulation 
on the background provided by 20 ug carbachol given intravenously. Sympa- 
thetic stimulation during vagal stimulation reduced the characteristic effects 
due to vagal activity. Fig. 3 shows alternate stimulations of the left cervical 
vagus alone, and left cervical vagus and sympathetic together, in Expt. 5. 

Histamine. With doses ranging from 50 to 500 yg in four cats, P, and P, 
both tended to increase (Fig. 3), but here the proportionate effect on P, was 
comparable with that on P,. Clamping off the right lung in two experiments 
produced an effect similar to that brought about by the injection of (very 
approximately) 200 ug histamine. 

Pulmonary blood volume. This was varied briefly within wide limits in three 
cats. Loose ligatures were passed round the aorta and pulmonary artery 
separately, and tightened for short periods to produce accumulation of blood 
in the lungs and emptying of blood from the lungs respectively. Tightening the 
aortic ligature, thereby tending to increase pulmonary blood volume, produced 
a small rise in P, without effective change in P,. Tightening the pulmonary 
artery ligature, tending to empty the lungs of blood, produced a fall in P., 
again without definite change in P,. Clamping across the base of the heart 
produced no change in either P, or P,, but exsanguination of the lungs by 
excision of the heart was quickly followed by a rise in both values. 

Ventilation with hydrogen and 20% oxygen. This was carried out in two 
experiments in an attempt to determine the fraction of P, due to gas-flow- 
resistance, by varying the viscosity and density of the working gas and assuming 
the tissue fraction of P, to remain constant. Over the frequency range used 
there was no measurable change in P, on changing the ventilating gas except 
at 51 c/min, the highest frequency used, when P, decreased by 10-20%, much 
less than would be expected from the physical characteristics of the gas. 


Similarly, no consistent effect was produced on the results of drug action and 
nerve stimulation. 
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DISCUSSION 


Under the conditions of these experiments on the open-chest cat with the 
pulmonary circulation intact, P,, at constant stroke volume, tended to remain 
high as frequency fell, in contrast with a simple resistance-compliance model 
with rigid tubes where P, decreased smoothly towards zero. This is in accord- 
ance with observations made previously on the open-chest rat (Mount, 1955) 
over the lower range of the frequencies used in the rat experiments. P, values 
were not decreased by substituting hydrogen and 20% oxygen for air except 
at the highest frequency used, 51 c/min, and then the effect was markedly less 
than that expected from the viscosity and density of the gas mixture relative 
to air. This was also the case over the corresponding frequency range with 
hydrogen in exsanguinated rat lungs; with higher frequencies in the rat, P, 
(derived from work/cycle) became increasingly dependent on the physical 
characteristics of the working gas (Mount, 1955). These findings for cat lungs 
confirm those of Bayliss & Robertson (1939), and lead to the conclusion that 
under the positive pressure ventilation conditions of these experiments there 
is a resistance factor, distinct from gas-flow-resistance, which produces much 
larger effects on P, at the frequencies used. This factor may be a true tissue 
deformation resistance, or it could result from surface tension effects in the 
lung airways. The former possibility has been discussed previously in relation 
to the rat, and a model described which satisfies the observations made in 
terms of a gas-flow-resistance and a tissue deformation resistance. 

As regards a possible explanation in terms of surface tension, McIlroy, Mead, 
Selverstone & Radford (1955) have suggested that in experiments under con- 
ditions comparable with those used here the resistive component recorded is 
due largely to hysteresis resulting from surface tension effects in the lungs. 
That this suggestion may not apply in the present series in the absence of drug 
or nervous action on the lungs has been indicated by observations of work/cycle 
on the open-chest rat at base-line expiration pressures of 0, 2 and 4 cm H,0O, 
and of P, on the open-chest cat at expiration pressures of 0, 2, 4, 6 and 
8cm H,O. Pressure variations produced little effect in either preparation 
provided that the pressure was 2 cm H,0 or higher, although hysteresis was 
demonstrated by the systematically smaller values of P, at any given base-line 
expiration pressure when the base-line pressure was being decreased from 
a high level to a low level, as compared with P, values at corresponding 
pressures when the latter were being increased. However, if the pressure at the 
_ end of the cycle was 0 cm H,O (that is, atmospheric) work/cycle and P, were 
increased, An expiration pressure of 2 cm H,0 has been used throughout this 
work, with the exceptions noted above, and it is concluded that this pressure is 
sufficient to prevent collapse of the unstimulated lung. 

Although there may not be marked interference from the effects of apposi- 
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tion of the internal surfaces of the lung airways in the unstimulated lung, it is 
probable that drug and nervous activity which causes smooth muscle contrac- 
tion and increased glandular secretion renders partial or complete closure of 
airways more likely, and the force necessary to reopen the channels would 
overshadow the forces required to overcome tissue deformation resistance and 
gas-flow-resistance. Thus, with a powerful smooth muscle stimulant such as 
histamine, the tendency to closure of airway units due to bronchial muscle 
contraction would reduce the effective compliance with a population of 
bronchioles of varying sensitivity to closing effects, and in the extreme case 
the pressure-volume characteristics recorded would be those of the tracheo- 
bronchial tree alone. In addition, as suggested by Radford & Lefcoe (1955), 
the surface tension of the bronchial lining layer would tend to exaggerate the 
effect of bronchoconstriction since, once constricted with apposition of walls, 
relatively much greater forces would be required to reopen the airways. The 
base-line end-expiratory pressure of 2 cm H,O would not influence this effect 
to any degree since the increase in wall tension due to bronchial muscle 
activity would be expected to correspond with higher intraluminal pressures 
than those encountered in these experiments. Any surface tension effects 
depend on the surface tension coefficient of the internal lining layer of the 
airway wall. The observations reported by Pattle (1955) suggest that this 
coefficient may be of very small order in the alveolar region of the lung, 
although they do not preclude the possibility of considerable surface tension in 
the bronchial tree. 

The vagal effects on cat lungs, the increase in P, being more marked than 
that in P,, were unchanged by the previous injection of pilocarpine; the effects 
of pilocarpine and stimulation of the vagus were additive. No conclusions can 
be drawn regarding effects on the gas-flow-resistance since this was such a small 
part of the total resistance, as shown by ventilation with a hydrogen-oxygen 
mixture. In two experiments P, and P, were reduced on first cutting both vagi, 
an effect similar to the bronchodilatation observed by Daly & Mount (1951) 
under comparable conditions. 

When the cervical sympathetic nerves were sectioned whilst recording was 
in progress no change was observed in any experiment in either P, or P,. In 
order to demonstrate the effects of stimulation of the sympathetic nerves it 
was necessary first to increase P, and P, by injection of pilocarpine or carbachol 
or by stimulation of the vagus. Sympathetic stimulation on these backgrounds 
tended to reverse the initial increases in P, and P,, the reversal being propor- 
tionately greater for P, than for P,. 

Temporary separate occlusion of the pulmonary artery and aorta produced 
small changes in compliance, but no definite effects on flow-resistance. From 
the relative magnitudes of the effects of vessel occlusions and of drugs and 
nerve stimulation on P, and P, it is unlikely that the changes produced by 
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drug and nervous action in these ventilation factors are due to effects on the 
pulmonary circulation. 

The continuous direct display of P, and P, used in the present work has 
demonstrated the uniformity of response to given tests in different experi- 
ments. The gas-independent flow-resistance determined the magnitude of P, 
in these experiments, and was so large relative to gas-flow-resistance that 
variations in the latter with different stimuli could not be satisfactorily 
measured. The relative contributions of surface-tension effects and tissue 
deformation resistance to P, remain undetermined ; whilst these surface tension 
forces may be dominant when bronchoconstrictor agents are affecting the lungs, 
it is questionable whether they exert a deciding influence on the magnitudes of 
P,and P, in the open-chest animal in the absence of such agents if the base-line 
end-expiration pressure across the lungs is 2cm H,O or more. 


SUMMARY 

1. Ventilation flow-resistance pressure, P,, and compliance pressure, P, (the 
two components of the hindrance pressure, P,) were recorded for the lungs of 
the open-chest cat using a method which allowed continuous renee heres of 
the three pressures on the kymograph. 

2. With ventilation frequencies of 9, 24-5 and 51 c/min P, tended to remain 

high as frequency fell. 

3. Factors influencing flow-resistance, and the actions of some drugs and 
nerve stimulations, are discussed. 


I am indebted to Dr I. de Burgh Daly, F.R.S., for his kindly criticism of this work. I wish to 
express my thanks to Mr J. Lucas for technical assistance. 
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THE INFLUENCE OF LESIONS IN THE ANTERIOR AND 
POSTERIOR HYPOTHALAMUS ON TONIC AND PHASIC 
AUTONOMIC REACTIONS 


By E. GELLHORN, H. NAKAO, and E. 8. REDGATE 


From the Laboratory of Neurophysiology, Department of Physiology, 
Unwersity of Minnesota 


(Received 15 August 1955) 


In previous papers from this laboratory (Gellhorn & Redgate, 1955; Redgate, 
1954; Redgate & Gellhorn, 1955, 1956a,b) it was shown that the intra- 
hypothalamic injection of minute quantities of drugs altered the autonomic 
effects of hypo- and hypertensive drugs (injected intravenously) in a character- 
istic manner. If the excitability of the posterior hypothalamus was raised by 
the injection of strychnine or metrazol into this structure, the hypotensive 
action of acetylcholine, mecholy] and histamine was lessened. Also, the hypo- 
tensive phase was frequently followed by a brief hypertensive phase which 
was not seen under control conditions. Moreover, the acceleration of the heart 
rate and the contraction of the nictitating membrane (N.M.) which appeared 
during the hypotensive phase were intensified. When, however, thiopentone 
was injected into the posterior hypothalamus the opposite effects were obtained. 
In addition, it was noted that when through a subthreshold electrical stimula- 
tion the excitability of the posterior hypothalamus was increased, the same 
changes in the effect of the hypotensive drugs were obtained as were seen 
following the injection of metrazol or strychnine into the posterior hypo- 
thalamus. The described effects were reversible. 

In another group of experiments, thiopentone or pentobarbitone was 
injected into the anterior hypothalamus and the action of hypertensive drugs 
such as noradrenaline was tested. It was found that the reflex pulse rate 
deceleration resulting from the rise of blood pressure was greatly diminished. 
This diminution in the pulse-slowing reflex was likewise reversible. 


Finally, it was shown that injection into the hypothalamus of drugs which 


diminished its excitability revealed a tonic action of the hypothalamus on the 
cardio-vascular system. Injection of thiopentone into the posterior hypo- 
thalamus led to a temporary fall of blood pressure which was associated with a 
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slowing of the pulse rate. Similar experiments involving the injection of 
thiopentone into the anterior hypothalamus were not quite conclusive but 
showed a tendency for the blood pressure to rise and the heart rate to increase. 

It is the purpose of this paper to present further evidence for the influence 
of the hypothalamus on tonic and phasic parasympathetic and sympathetic 
reactions through the study of the action of hypo- and hypertensive drugs on 
blood pressure, heart rate and contraction of the n.m. before and after well- 
circumscribed lesions have been placed in the anterior and posterior hypo- 
thalamus respectively. Attempts have also been made to determine to what 
extent lesions in the posterior hypothalamus alter reactions dependent on the 
anterior hypothalamus, and vice versa. 


METHODS 


This report is confined to the results obtained on twenty-seven cats (2-3 kg) in which small 
lesions restricted either to the anterior or to the posterior hypothalamus were obtained. Anaes- 
thesia was induced either with 1% chloralose (65 mg/kg) or with thiopentone (45-80 mg/kg) 
intravenously and was maintained with chloralose or tubocurasine (“‘Intocostrin”) during the 
experiment. The blood pressure (B.P.) was recorded from the femoral artery by means of a Statham 
pressure strain gauge and a Brush oscillograph. The nictitating membranes (N.M.) were also re- 
corded by strain gauges and the Brush oscillograph. An ordinate writer indicated by the length of 
the vertical stroke the time between consecutive heart beats (p.z.). Artificial respiration was used 
throughout. Hess electrodes (three 0-25 mm insulated steel wires, 1-5mm apart) were inserted 
bilaterally into the anterior or posterior hypothalamus. When the excitability of the hypothalamus 
was tested, it wasstimulated by meansofa tor: 1-2 V,0-8—1-6 msec pulseduration, 

10-200 pulses/sec for 5-10 sec. Noradrenaline (kindly supplied by Dr M. L. Tainter of the Sterling- 

Winthrop Research Institute, Rensselaer, New York) was injected intravenously in doses from 5 to 
15g per cat in order to test the effect of lesions in the anterior hypothalamus on the reflex slowing 
of pulse rate mediated by the parasympathetic system. Acetylcholine (in doses of 5-20yug) and 
histamine (5-15 ug) were injected intravenously in order to test the effect of posterior hypothalamic 
lesions on the sympathetic reflexes which were elicited through hypotension via the sino-aortic 
baroreceptors. Small lesions, surrounding the uninsulated tips of the Hess electrodes inserted 
in the hypothalamus, were produced by passing the current froma high-frequency generator through 
the Hess electrodes to an earth located on the head holder. This current, 2 Mc/s frequency, 30 mA, 
for 15 sec, produced a 1-2 mm lesion without stimulating the cat. Larger lesions were sometimes 
produced by raising the tips of the electrodes 2 mm. The brains were fixed in 10% formaldehyde, 
embedded in paraffin and the cells stained with cresyl violet. Cells whose nuclei failed to stain 
were considered destroyed. 


RESULTS 
Posterior hypothalamic lesions and phasic sympathetic reflexes 
In seventeen cats high-frequency coagulations were placed bilaterally in the 
posterior hypothalamus. This procedure altered the effect of hypotensive 
drugs in a characteristic fashion. If the blood-pressure level was the same 
when the pre- and post-coagulation tests with the hypotensive drug were 
performed (see Figs. 1 and 2), the hypotensive action after coagulation was 
increased in degree (i.e. the blood pressure fell to a lower level than in 
the preceding control test) and, particularly, in duration. If acetylcholine, 
26-2 
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mecholyl, or histamine elicited a reflex contraction of the N.M. under control 
conditions, this contraction was diminished after coagulation. The accelera- 
tion of the heart rate which accompanied the hypotensive action was likewise 
diminished. 

Fig. 1 illustrates the characteristic changes of the response of the blood 
pressure and the heart rate to 5ug acetylcholine in a cat in which the blood- 
pressure level remains constant. There is a progressive increase in the 
hypotensive area in the two tests which are performed 7 and 40 min after 
coagulation, and the attainment of the original level of the blood pressure is 
delayed to an increasing degree. 


Fig. 1. Cat 340. 2-5 kg, chloralose 65 mg/kg i.v. A, 5ug acetylcholine control; B, 5ug acety)- 
choline 7 min after posterior hypothalamic coagulation; C, 5ug acetylcholine 40 min after 
posterior hypothalamic coagulation. Horizontal line = 10 sec unless marked differently. 


Fig. 2 shows the relation between the excitability of the posterior hypo- 
thalamus to an electric current and to the hypotensive action of acetylcholine. 
The effect of unilateral coagulation is illustrated in Fig. 2 B, E, and that of 
bilateral coagulation in C and F. The hypothalamic (electrical) test stimulus 
elicits in the control (A) a biphasic pressor effect, the first phase of which occurs 
during the period of stimulation, whereas the second appears after stimulation. 
This post-stimulatory pressor effect is accompanied at first by a heart-rate 
acceleration which changes to a heart-rate deceleration at the blood-pressure 
maximum. After a unilateral coagulation of the posterior hypothalamus, the 
heart-rate acceleration at the beginning of the post-stimulatory pressor effect 
is abolished (B) and the degree of pulse slowing is increased, although the pres- 
sor effect is slightly less in degree and duration than that observed before 
coagulation. Finally, after bilateral coagulation (C) the sympathetic effects 
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of the hypothalamic stimulation on the blood pressure and the heart rate are 
abolished, while the level of the blood pressure is slightly, and that of the 
heart rate distinctly, diminished. 

This progressive diminution of the sympathetic responsiveness of the hypo- 
thalamus to electrical stimulation is mirrored in the lessened responsiveness of 
the sympathetic nervous system to the acetylcholine-induced fall of blood 
pressure. In E and F (after the uni- and bilateral coagulation respectively) the 
hypotensive action of acetylcholine is progressively increased. The acceleration 
of the heart rate is lost in E, but reappears in F. It should, however, be noted 
that the pulse rate is slower in F before the injection of acetylcholine than in the 
control experiment and, consequently, as fast a heart rate is not obtained during 
the distinct acceleration observed as that seen in the control experiment (D). 


Fig. 2. Cat 379. 3-5 kg, chloralose 65 mg/kgi.v. A, left posterior hypothalamic stimulation (square 
wave discharge, 1-0 V, 99 pulses/sec, 0-8 msec pulse, 4 sec) control; B, same as A after right 
posterior hypothalamic coagulation; C, same as A after left posterior hypothalamic coagula - 
tion; D, 5ug acetylcholine control; E, 5ug acetylcholine after right posterior hypothalamic 
coagulation; F, 5ug acetylcholine after left posterior hypothalamic coagulation. 


Frequently, as illustrated in Figs. 3 and 4, the effect of bilateral coagulation 
of the posterior hypothalamus is even greater. In such cases the coagulation 
causes a fall of blood pressure and a slowing of heart rate which are not 
reversible within the time limits of an acute experiment. Whereas in the control 
experiments the systolic blood pressure varies between 160 and 180 mm Hg 
it falls to 120 mm Hg after coagulation. Under such conditions the relative 
fall of the blood pressure is less than under control conditions, but the duration 
of the hypotensive action is greatly increased. Fig. 3 shows also that whereas 
acetylcholine causes an increase in the heart rate in the control tests A and B, 
this effect is almost completely lost in C, and a deceleration of the heart rate 
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occurs during the latter part of the prolonged hypotension. In D, some time 
later, the recovery from hypotension has improved somewhat, the deceleration 
of the heart rate has disappeared, but the acceleration of the heart rate is still 
minimal. 


B.P. 


— 


ACh norm. —32 min ACh coag. +7 min 
B D 60 
5 sec 


Tro ACh norm. — 15 min T10 ACh coag. + 25 min 
Fig. 3. Cat 306. 4 kg, thiopentone 30 mg/kg with “Intocostrin”’ i.v. A, 10 ug acetylcholine 32 min 
before bilateral posterior hypothalamic coagulation; B, 10ug acetylcholine 15 min before 
bilateral posterior hypothalamic coagulation; C, 10ug acetylcholine 7 min after bilateral 
posterior hypothalamic coagulation; D, 10ug acetylcholine 25 min after bilateral posterior 
hypothalamic coagulation. 


— 
5 sec 


P.R. 
| 15 hist. norm. 7 hist. coag. 


| Fig. 4. Cat 306. 4 kg, thiopentone 30 mg/kg with “Intocostrin” i.v. Left, 15yug histamine 
control; right, 154g histamine after posterior hypothalamic coagulation. 


Fig. 4 shows a similar effect of the hypothalamic coagulation on the hista- 
mine test. One notices, in addition, that histamine elicits under control con- 
ditions a hypotensive effect which is followed by a prolonged hypertensive 
phase. The latter is absent after coagulation. The acceleration of the heart rate 
persists in this experiment, but the absolute level of the heart rate is much 
slower. 

Table 1 gives a survey of the action of bilateral coagulation of the posterior 
hypothalamus on the acetylcholine and histamine tests. The table shows that 
in fourteen out of seventeen experiments the recovery of the blood pressure 
from the hypotensive action of acetylcholine was delayed. The greater hypo- 
tensive effect of acetylcholine was in nine cases accompanied by a lesser 
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acceleration of the heart rate than in the control test. The histamine (and 
the mecholyl tests not listed in the table) showed similar results. 


Tasxe 1. The effect of coagulation in the posterior hypothalamus on the recovery of blood 
pressure and pulse rate following the hypotensive action of acetylcholine and histamine 


Acetylcholine Histamine 
Changes in Changes in 
| Acceleration Reco Acceleration 
Doses of b of heart Doses of of heart 
Cat  (yg/cat) pressure* ratet (~g/cat) pressure* ratet 
284 10 - - 10 
289 10 -- + 10 -- + 
306 10 --- --- 15 --- --- 
340 5 -- + 
341 5 --- - 
345 2 - - 10 
371 5 - 0 
375 5 -- - 
379 5 --- -- 
381 10 -- 
383 20 - 0 ; 
387 5 0 0 10 0 0 
390 10 - 5 -- 
391 5 - 0 10 - - 
394 5 + 0 . 
405 10 -- -- 10 - - 
406 10 0 0 10 0 0 


* — Indicates a slower return of the blood pressure to the control level; + a quicker return, as 
compared with the pre-coagulation test; 0 indicates no change. 

+t —Indicates lessened acceleration of the heart rate; + indicates more acceleration; and 0 no 
change as compared with the pre-coagulation test. 


Anterior hypothalamic lesions and phasic parasympathetic reflexes 

Whereas sympathetic reflexes elicited through a fall of the blood pressure 
were diminished after coagulation of the posterior hypothalamus, parasympa- 
thetic reflexes were greatly reduced following coagulation of the anterior 
hypothalamus. The noradrenaline-induced pulse-slowing reflex which depends 
on the degree and duration of the rise of blood pressure served as a test for 
parasympathetic reflexes. Fig. 5 shows a typical result. Although the pressor 
effect of 10ug noradrenaline remains unaltered the pulse slowing is greatly 
diminished after coagulation (B). The action of noradrenaline on the N.M., 
however, is unchanged. It is interesting to note that the post-stimulatory pulse 
slowing seen to accompany the blood-pressure rise following stimulation of the 
posterior hypothalamus under control conditions (C) fails to appear after 
coagulation of the anterior hypothalamus (D). 

Fig. 6 D, E shows an enormous reduction of the noradrenaline-induced 
pulse-slowing reflex after coagulation of the anterior hypothalamus. This result 
is the more remarkable in as much as the noradrenaline-induced absolute rise of 
the blood pressure is greater in D and E than in the control tests A and B. 
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Fig. 5. Cat 397. 4 kg, thiopentone 60 kg/mg, chloralose 50 mg/kg, with “In in” iv. A, l0yg 
noradrenaline control, B, 10ug noradrenaline after bilateral anterior hypothalamic coagula- 
tion. C, left posterior hypothalamic stimulation (square wave discharge, 2-0 V, 99 pulses/sec, 
0-8 msec pulse, 4 sec) control; D, same as C after bilateral anterior hypothalamic ‘ 


Fig. 6. Cat 388. 2-3 kg, chloralose 65 mg/kg i.v. A, 7-5ug noradrenaline control; B, 10yg nor- 
adrenaline control; C, 5ug acetylcholine control; D, 7-5yug noradrenaline after bilateral 
anterior hypothalamic coagulation; E, 10 wg noradrenaline after bilateral anterior hypo- 
thalamic coagulation; F’, 5 ug acetylcholine after bilateral anterior hypothalamic coagulation. 
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Table 2 gives a summary of the effect of the coagulation of the anterior 
hypothalamus on the noradrenaline test in nine cats. In cats 388, 393, 397, 
398 and 401 the noradrenaline-induced pulse-slowing reflex was reduced after 
coagulation, although the rise of the blood pressure was similar in the control 
and after coagulation. In three cats the pressor effect was greater after 


TaBxe 2, The action of noradrenaline on blood pressure and pulse rate before and after 
coagulation in the anterior hypothalamus 


Before coagulation After coagulation 
Changes of Changes of 

Doses A Doses A ~ 

Cat (ug/cat) B.P.(mmHg)* p.z./min.t (yg/cat) B.P.(mmHg)*  P.z./min.t 
257 5 . 120-162 163-145 5 120-180 175-250 
5 132-180 200-185 5 138-210 200-185 
386 2-5 120-206 185-135 2-5 124-206 180-130 
388 75 124-188 272-154 5 142-188 260-192 
393} 15 112-168 305-185 50 100-168 305-205 
397 10 138-216 215-102 10 140-218 215-145 
398 5 132-208 200-135 5 116-206 185-175 
401 75 134-158 215-175 10 136-158 222-200 
402 15 122-174 208-175 10 158-194 222-208 


* The numbers indicate the systolic blood pressure before and its maximal value after the 
injection of noradrenaline. 
t 


coagulation. If the parasympathetic reflex excitability had not been changed 
by the hypothalamic coagulation, one would expect that the pulse rate would 
have been reduced more than under control conditions. The experiments showed, 
however, that even under these conditions favouring the appearance of greater 
parasympathetic effect, the pulse slowing was either the same as in the control 
test (cat 258), or reduced (cat 402), or completely abolished (cat 257) so that 
an acceleration appeared. 

It is interesting to mention that occasionally a unilateral coagulation (cat 
393) is adequate to produce a diminution of the parasympathetic reflex. How- 
ever, in other cases (cat 386) unilateral lesions were ineffective. 


The tonic effects of anterior and posterior hypothalamic lesions 

While the coagulation of parts of the hypothalamus was performed as 
described above, the blood pressure and the heart rate were recorded con- 
tinuously. An example is given in Fig. 7, which shows that the coagulation 
of the right posterior hypothalamus, undertaken in three steps as indicated by 
the signal marker, produces at first the greatest effect: the blood pressure falls 
while the pulse rate is decreased. By the end of the first record some recupera- 
tion has occurred. The same effect is shown in record B when the coagulation 


t Unilateral lesions. 
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of the left hypothalamus was begun. Here again some restitution is observed 
but less than in record A. By the end of record B the blood pressure and pulse 
rate are distinctly below the control values. 

This record is typical for all coagulation experiments. The animals showed 
marked differences in the degree of blood-pressure fall and in the decrease in 
the pulse rate following the coagulation as well as in the degree and speed of 
recovery. Since the effect of coagulation at the tip of one electrode was often 


120 


Fig. 7. Cat 379. 3-5 kg, chloralose 65 mg/kg i.v. A, right posterior hypothalamic coagulation 
(anterior, middle, posterior electrode); B, left posterior hypothalamic coagulation (anterior, 
middle, posterior electrode). 

greater than that of another which was 1-5 mm removed from it, one gets the 

impression that even within the small total lesions produced in these experi- 

ments (see Fig. 11) some parts of the hypothalamus may be of greater signifi- 
cance for the maintenance of the tonic effects than others. 

Table 3 shows the maximal effect of the coagulation, which mostly occurs 
within 5 or 10 min after the application of the high-frequency currents. It 
indicates that after posterior hypothalamic coagulation the blood pressure fell 
in sixteen out of eighteen experiments, one unilateral and one bilateral coagula- 
tion being ineffective. However, even in these experiments there was a signifi- 
cant fall of the pulse rate. The latter fell in all but one experiment. It is to be 
noted that this method of coagulation does not involve any excitation since, as 
seen in Fig. 7 and numerous other records, the blood pressure and the pulse 
rate are reduced without an initial increase in either the blood pressure or the 
pulse rate. 

Table 4 illustrates the effect of coagulation of the anterior hypothalamus on 
blood pressure and pulse rate. The effects are less marked than in the experi- 
ments listed in Table 3 but are opposite to them. Anterior hypothalamic 
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lesions cause a temporary rise of blood pressure and pulse rate. This effect was 
absent in two experiments (cats 397 and 401) and weak in one experiment 
(cat 256). In the other seven experiments the rise of blood pressure was distinct, 
and only in one experiment (cat 386), in which hi ote was performed 
unilaterally, was the increase in pulse rate absent. 

The experiments indicate that the anterior and posterior abebiialin of the 
hypothalamus exert opposite tonic functions on blood pressure and heart rate. 


TaB_e 3. Effect of posterior hypothalamic lesions on blood pressure and pulse rate 
Systolic blood pressure (mm Hg) Pulse rate per minute 


Cat Control After lesion Control After lesion 
284 100 74 200 163 
289* 105 9) 230 200 
306 176 116 215 100 
340 134 108 175 128 
341 130 102 215 120 
345 120 100 200 175 
369* 104 104 305 272 
371* 112 96 192 180 
375 168 124 215 154 
379 116 88 215 154 
381* 156 124 200 168 
383 146 128 305 290 
387 128 112 290 272 
390* 120 110 272 260 
391 132 114 305 305 
394 130 116 272 230 
405 144 144 208 192 
406 140__—w 120 223 215 


TaBe 4, Effect of anterior hypothalamic lesions on blood pressure and pulse rate 
Systolic blood pressure (mm Hg) Pulse rate per minute 


Cat Control After lesion. Control After lesion 
256 145 150 205 210 

257 90 130 180 240 
258 120 158 205 230 
386* 108 124 185 175 
388 1238 144 248 276 
393* 100 112 285 305 
397 138 140 215 215 
398 120 128 185 200 
401 134 136 215 215 
402 116 144 200 


* Unilateral lesions, 


The reciprocal behaviour of the parasympathetic and sympathetic systems 
under conditions of centrally induced autonomic imbalances 
In view of the fact that a reciprocal behaviour has frequently been observed 
between parasympathetic and sympathetic discharges in autonomic reflexes 
(see Gellhorn, 1943, for the literature), the question was investigated whether 
an autonomic imbalance created by a lesion affecting largely either the sympa- 


* Unilateral lesions. 4 
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thetic or the parasympathetic division of the hypothalamus would influence 
the reactivity of the remaining intact hypothalamus. Two sets of experiments 
were undertaken for the study of this question. In the first, the anterior 
hypothalamus was coagulated and the influence of this procedure on the 
reactivity of the posterior hypothalamus was tested with hypotensive drugs. 
In the second set, the posterior hypothalamus was coagulated and the function 
of the anterior hypothalamus was tested with noradrenaline. 


1% hist. hist. 
norm, coag. 
Fig. 8. Cat 256. 2-5 kg, thiopentone 15 mg/kg with “ Intocostrin” i.v. Left, 10 ug histamine control. 
Right, 10g histamine after bilateral anterior hypothalamic coagulation. The blood pressure 
was recorded with a Hg manometer in this experiment. 


_ Fig. 8 shows the effect of a bilateral coagulation of the anterior hypothalamus 
on the reactivity to histamine. The experiment shows that the sympathetic 
responsiveness elicited by the hypotensive drug is greatly increased after 
coagulation. This is evident from the increased contraction of the N.M. and the 
quicker return of the blood pressure followed by a marked hypertensive phase. 
This latter phase is responsible for the appearance of a reflex slowing of the 
heart rate which is absent in the control test. 

Fig. 5 illustrates the fact that the release of sympathetic excitability of the 
posterior hypothalamus which follows coagulation in the anterior hypothala- 
mus may also be demonstrated by testing the responsiveness of the posterior 
hypothalamus to electrical stimulation. A comparison of the records C and D 
of this figure shows that the contraction of the n.M. is greatly increased in the 
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latter, the blood pressure rises are similar, but the parasympathetic reflex 
slowing which follows the period of hypothalamic stimulation in the control 
test C is abolished after coagulation (D). Since in this experiment the (already 
discussed) responsiveness to noradrenaline was likewise investigated, the 
experiment illustrates the reciprocal changes resulting from the coagulation 
of the anterior hypothalamus. Whereas the parasympathetic noradrenaline- 
induced reflex slowing is diminished the sympathetic reactivity of the posterior 
hypothalamus is increased. 

Fig. 6, which also illustrates the marked diminution of the parasympathetic 
reflex on the pulse rate after anterior hypothalamic coagulation, shows at the 
same time (C and F) the greater reflex responsiveness of the sympathetic 
system to a hypotensive drug: the return of the blood pressure from the 
hypotensive action of acetylcholine is accelerated and the increase in the pulse 
rate is greater after coagulation than under control conditions. 


TaBLE 5. The effect of coagulation in the anterior hypothalamus on the recovery of blood pressure 
and pulse rate following the hypotensive action of acetylcholine and histamine. The symbols 
have the same meaning as in Table 1 


Acetylcholine Histamine 
Changes in Changes in 

Recovery Acceleration yo Acceleration 

of blood of heart of of heart 
Cat  (pg/cat) pressure rate (ug/cat) pressure rate 
256 75 + + 15 ++ + 
257 75 ++ ++ 10 ++4+4 ++ 
386 10 ++ ++ 10 ++ ++ 
388 5 + + 15 0 0 
393 10 + + 10 0 0 
397 10 0 0 10 + + 
398 10 0 0 10 0 0 
401 10 + 0 10 + = 
402 10 0 0 10 + 0 


A summary of these experiments is given in Table 5. It shows that in only 
one experiment (cat 398) after the anterior hypothalamus had been coagulated 
bilaterally no change occurred in posterior hypothalamic functions tested by 
acetylcholine or histamine. The degree of change was variable. The first three 
experiments listed in Table 5 showed a greater sympathetic responsiveness in 
both acetylcholine and histamine tests as indicated by the more rapid return 
of the blood pressure from the hypotension and the greater acceleration of the 
pulse rate. In cat 401 the hypotensive effect was likewise lessened in both 
tests after coagulation, but the changes in the heart rate were atypical (a 
lessened pulse acceleration in the histamine test is often due to the increased 
overshooting of the blood pressure (see Fig. 8)). In other experiments changes 
indicating a sympathetic release after coagulation of the anterior hypothalamus 
were obtained only with one of the two tests. Although the action of anterior 
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hypothalamic coagulation on posterior hypothalamic functions was less than 
when the latter structure was influenced directly (by the injection of drugs into 
the posterior hypothalamus or by coagulation), the experiments show clearly 
that the coagulation of the anterior hypothalamus leads, in addition to depres- 
sion of parasympathetic functions, to a release of the sympathetic reactivity of 
the posterior hypothalamus. 


Fig. 9. Cat 379. 3-5 kg, chloralose 65 mg/kg i.v. A, 0-5ug noradrenaline control; B, lug nor- 
adrenaline after bilateral posterior hypothalamic coagulation; C, 0-5ug noradrenaline after 
bilateral posterior hypothalamic coagulation; D, 2ug noradrenaline after bilateral posterior 
hypothalamic coagulation. Arrow indicates the injection. 


We turn now tothe group of experiments in which the posterior hypothalamus 
was coagulated, and the effect of this procedure was determined by the nor- 
adrenaline test which had been shown to depend on the excitability of the 
anterior hypothalamus. Fig. 9 may serve as an example. The control test 
shows a moderate degree of slowing in response to 0-5 wg noradrenaline, which 
raises the blood pressure to about 185 mm Hg. After coagulation all tests elicit 
a lesser rise of blood pressure, although the doses of noradrenaline were in- 
creased from 0-5 to 2ug. Since it is well established, and was frequently con- 
firmed in our own studies, that the pulse-slowing reflex depends primarily on 
the absolute pressure attained (in our experiments through the injection of 
noradrenaline), this lesser rise of blood pressure would tend to abolish or 
greatly reduce the pulse-slowing reflex. The tests B and D show, on the con- 
trary, that in spite of the lesser pressor effects the pulse-slowing reflex is greatly 
intensified. Even in test C, in which the pressor effect is minimal, the relative 
slowing is similar to that found in the control test A, but even here the absolute 
degree of slowing is greater. It must be concluded from this experiment that 
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through coagulation of the posterior hypothalamus the parasympathetic 
excitability of the anterior hypothalamus is greatly increased so that even 
lesser rises of blood pressure cause a greater pulse-slowing than under control 
conditions. 


Fig. 10. Cat 383. 3 kg, chloralose 65 mg/kg i.v. A, 5yug noradrenaline control; B, 5yug nor- 
adrenaline after bilateral posterior hypothalamic coagulation; E, 5ug noradrenaline after 
bilateral anterior hypothalamic injection of pentobarbitone. F, 5ug noradrenaline 50 min 
after E, showing recovery of reflex pulse-slowing; C, 10g noradrenaline control; D, l0ug 
noradrenaline after bilateral posterior hypothalamic coagulation. G, 10ug noradrenaline 
after bilateral anterior hypothalamic injection of pentobarbitone; H, l0ug noradrenaline 
60 min after G, showing recovery of reflex pulse-slowing. 


A fina] experiment showing the influence of the coagulation of the posterior 
hypothalamus on the parasympathetic functions mediated by the anterior 
hypothalamus is illustrated in Fig. 10. The control tests with 5 and 10g nor- 
adrenaline are shown in A and C and the effect of the coagulation of the 
posterior hypothalamus on these tests in B and D respectively. Obviously 
the pulse-slowing is greatly increased.* This is interpreted as being due to a 
release of the anterior hypothalamus. If this interpretation is correct a 
reduction of the excitability of this structure should diminish the pulse-slowing 
reflex. This was accomplished by the injection of pentobarbitone into the anterior 
hypothalamus. The drug procedure was chosen in preference to coagulation 
because earlier experiments had shown that the effect is similar in both cases 
but only the drug experiment is readily reversible. The tests E and G show that 


* Since in the tests B and D the absolute pressure is slightly higher than in the corresponding 
control tests A and C one could think that this factor and not the coagulation might be responsible 
for the greater intensity of the pulse-slowing reflex: However, a close inspection shows that this 
interpretation is not correct. The maximal pulse-slowing in B and D occurs as the blood pressure 
reaches the level of 180 mm Hg and at this pressure the pulse-slowing is minimal in the control 
tests ! 
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depression of the anterior hypothalamic functions with pentobarbitone 
abolished the increased excitability which had been produced through coagu- 
lation of the posterior hypothalamus. The pulse-slowing reflex is restored to 
the control level.* Moreover, when the test is repeated after a sufficiently long 
interval to permit the action of pentobarbitone to disappear, the pulse-slowing 
reflex is again increased in F and G, although the original effect as seen before 
the intrahypothalamic injection of pentobarbitone is not quite attained. 


Taste 6. The action of noradrenaline on blood pressure and pulse rate before and after coagula- 
tion in the posterior hypothalamus. The quantities tabulated are explained in the footnotes 


to Table 2 
Before coagulation After coagulation 
Changes in Changes of 
Cat (ug/cat) B.P.(mm Hg)  P.&./min (ug/cat) B.P.(mm Hg)  P.R./min 
375 25 160-210 208-154 2-5 130-160 175-105 
381 2-5 152-220 185-128 2-5 132-204 163-120 
383 5 144-200 305-230 5 144-198 290-175 
387 5 128-182 290-128 5 124-180 290-115 
390 2-5 116-144 272-185 2-5 108-140 260-163 
394 0-5 116-146 272-230 0-5 120-144 230-128 
289 10 160-184 145-100 10 160-180 163-108 
306 10 170-230 215-154 10 120-220 175-120 
341 1 124-162 215-115 128-156 163-105 
406 2-5 136-165 223-180 2-5 121-159 215-135 
369 3 96-180 290-230 1 100-176 272-185 
379 0-5 122-185 200-120 2 94-174 154-100 
391 30 124-205 272-154 40 116-200 192-128 
340 3 120-168 175-100 4 120-160 175-100 
405 2-5 148-192 205-185 1 138-188 192-128 


The experiments showing the alteration of the noradrenaline-induced pulse- 
slowing reflex which results from the coagulation of the posterior hypothalamus 
are summarized in Table 6. The interpretation of these experiments is least 
complex when the pressor effect of noradrenaline is the same or less after coagu- 
lation and when the initial pulse rates are the same. Such conditions are rarely 
obtained since, as was pointed out earlier, there is a tendency for the blood 
pressure and the heart rate to decrease after coagulation of the posterior 
hypothalamus. Nevertheless, these conditions are approached in experiments 
on cats 383, 387, 390, 394, 406, 369 and 405. In these experiments the pulse- 
slowing, relative and absolute, was much greater for a given rise of blood 
pressure after coagulation than under control conditions. This result is con- 
firmed even under those unfavourable conditions in which the relative and 


absolute pressor effect of noradrenaline was less than in the control test (see 
cats 375, 381). 

* The rise of the blood pressure in E is slightly less than in B but the rise is greater in G than in 
D. Nevertheless, the pulse-slowing is greatly reduced in E and G as compared with that in B and 
D. This proves that the changes in the reflex are due to the altered excitability of the anterior 
hypothalamus and not to the slight variations of the pressor responses. 
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it is generally agreed that, at the high levels of blood pressure induced by the 
injection of noradrenaline in these experiments, the absolute pressure in the 
carotid sinuses and in the arch of the aorta determines the intensity of the 
_ pulse-slowing reflex (Koch, 1931; Wagner, 1954). Since after posterior coagula- 
tion the maximal pressure produced by the injection of a given amount of 
noradrenaline was almost always less than in the pre-coagulation control tests 
(although in some instances the difference was only slight), one would expect 
a lesser absolute slowing after coagulation of the posterior hypothalamus 
unless the coagulation had influenced the function of the anterior hypothala- 
mus. The results show that in thirteen out of fifteen experiments the pulse- 
slowing is greater. This indicates that the coagulation caused a sensitization 
(release) of the centres regulating the pulse-slowing reflex. The averages of the 
maximal blood pressure and the maximal slowing of the pulse rate induced by 
the injection of noradrenaline illustrate this increased sensitivity of the para- 
sympathetic reflex mechanism. Before coagulation an average pressure of 
185 mm Hg caused a pulse rate of 160 per min; after coagulation a slightly 
lower pressure, 176, reduced the pulse rate to 128. Finally, it should be noted 
that in the last five experiments listed in Table 6 different amounts of nor- 
adrenaline had to be injected in order to obtain a comparable pressor effect. 
Here again the absolute pressure attained by the injection of noradrenaline 
was less than before the coagulation, but the reflex slowing of the pulse rate 
attained an absolutely lower level in four out of five experiments than in the 


test. 
The site of the lesions 


Fig. 11 shows on frontal sections the site of the lesions produced by the high- 
frequency coagulation. In the upper section of the figure the sites of the 
anterior lesions are shown on three frontal sections made at the level of the optic 
chiasma, 0-8 mm apart. Similarly, the sites of the posterior lesions are shown 
in the lower part of the figure. The section E is made through the mammillary 
bodies, the sections D and F are 1 mm anterior and 1 mm posterior to section 
E respectively. The lesions illustrated in A, B and C destroyed all or part of the 
following nuclei: preopticus, supraopticus, suprachiasmaticus, hypothalamicus 
anterior, lateralis, and occasionally dorsomedialis. The lesions in D, E and F 
destroyed the mammillaris, and the hypothalamicus ventrolateralis, ventro- 
medialis, periventricularis, lateralis and posterior. 

It should be added that large bilateral lesions of the thalamus did not alter 
the responsiveness of the blood pressure, the pulse rate and the N.M. to nor- 
adrenaline and hypotensive drugs. Furthermore, it was found that lesions 
extending from the posterior hypothalamus caudally to the red nucleus pro- 
duced effects similar to those in which the posterior hypothalamus alone was 
involved. It is concluded from these experiments that hypothalamic lesions 
confined to the anterior hypothalamus, particularly between the optic chiasma 
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and the anterior commissure, reduce the noradrenaline-induced pulse-slowing 
reflex, whereas lesions confined to the posterior hypothalamus which involve 
the above-named nuclei reduce the sympathetic reactions induced reflexly by 


hypotensive drugs. 


Fig. 11. Diagrams of frontal sections of the cat’s brain through the anterior and posterior hypo- 
thalamus showing all lesions included in this work. All anterior lesions are projected on 
sections A, B and C; all posterior lesions, on sections D, E and F. The blackened areas represent 
that portion of the brain in which three or more lesions are included. The barred areas repre- 
sent that portion of the brain destroyed by less than three lesions. Abbreviations: CA, 
commissura anterior; CD, nuc. caudatus; CH, chiasma opticum; CI, capsula interna; FX, 
fornix; GL, corpus geniculatum laterale; HL, nuc. hypothalamicus lateralis; MD, nuc. 
medialis dorsalis; MM, corpus mammillare. PED, pedunculus cerebralis; PVA, nuc. peri- 
ventricularis anterior; R, nuc. reticularis; RH, nuc. rhomboideus. 8, stria medullaris; TO, 
tractus opticus; TMT, tractus mammillothalamicus; ZI, zone incerta. From Jasper & 
Marsan (1954), A Stereotazic Atlas of the Diencephalon of the Cat. Ottawa: National Research 
Council of Canada. 


DISCUSSION 


The experiments described in this paper have shown that through well- 
circumscribed lesions confined to the anterior or to the posterior hypothalamus 
effects are produced which are similar to those obtained with the injection of 
thiopentone into the anterior and posterior hypothalamus respectively. Both 
procedures cause a decrease in the excitability of these structures to electrical 
stimulation. The work on the action of intrahypothalamically injected drugs 
and the lesion experiments lead to recognition of the specific relationship of the 
noradrenaline-induced pulse-slowing reflex to the anterior hypothalamus, and 
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of the hypotension-induced reflexes to the posterior hypothalamus. Since the 
noradrenaline reflex is parasympathetic and the hypotensive reflex sympa- 
thetic in nature, it may be said that the intensity of certain autonomic reflexes 
is determined by the excitability of the hypothalamus. Although the majority 
of parasympathetic reflexes used in this and related studies involved nor- 
adrenaline, sufficient evidence is at hand to state that similar results may be 
obtained with adrenaline. The use of adrenaline is less practical because of its 
marked peripheral accelerating action on the heart rate. It was furthermore 
shown that the action of various hypotensive drugs (acetylcholine, mecholy! 
and histamine) varied with the state of excitability of the hypothalamus. 
From these data it may be concluded that: 

(1) The excitability of the anterior hypothalamus can be ascertained in the 
intact organism by the quantitative reflex slowing of the heart rate induced by 
noradrenaline (and possibly other hypertensive drugs). 

(2) The excitability of the posterior hypothalamus can be determined by the 
action of hypotensive drugs. 

(3) Through (1) and (2) the state of the autonomic balance or imbalance can 
be ascertained. 

It is obvious that if the excitability of parasympathetic and sympathetic 
centres were altered at a lower level, for instance in the medulla oblongata, the 
changes recorded with the noradrenaline and acetylcholine tests would be 
similar to those seen in autonomic disturbances of hypothalamic origin. The 
emphasis was placed in our work on the hypothalamus because of the import- 
ance of this structure for neuro-psychiatric problems (the relation of this work 
to Funkenstein’s test (1950) will be discussed elsewhere; see also Gellhorn 
1953). Although a deficient reactivity in autonomic and particularly sympa- 
thetic reactions has been described frequently in functional psychoses (see 
Gellhorn, 1943, 1953, for the older literature, and Igersheimer, 1953, for a 
recent work), no evidence of gross changes in medullary (respiratory and vascu- 
lar) functions and spinal autonomic reflexes has been found in these patients. 
The greater sensitivity of the hypothalamus as compared with that of the 
medulla oblongata to changes in the internal environment, so well known from 
studies on the action of anoxia, hypoglycaemia and anaesthetics, seems to be 
the physiological basis of these clinical findings. It is interesting in this respect 
that profound changes in sympathetic reactions have been produced by hypo- 
thalamic lesions, and also by the previously described experiments involving 
the action of drugs on the posterior hypothalamus, although the blood-pressure 
level was unaltered or remained within physiological limits. The great import- 
ance of the hypothalamus for vascular reflexes is evident from these data and 
from the fact that even unilateral lesions produced significant changes in 
several instances. 

Another important result of the present work is the fact that through the 
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anterior or posterior hypothalamic lesions an autonomic imbalance could be 
produced and analysed in its essential features. In cases of experimentally 
produced lesions the application of parasympathetic and sympathetic tests. 
shown to be dependent on the anteriorand posterior hypothalamus respectively, 
established the fact that the principle of reciprocal innervation is valid for 
certain states of central imbalance. Thus a state of sympathetic deficiency 
resulting from a lesion in the posterior hypothalamus leads to an increased 
responsiveness of the parasympathetic system as indicated by an increased 
degree of pulse-slowing in response to a given noradrenaline-induced rise of 
blood pressure. This reciprocal behaviour is due to a release of the anterior 
hypothalamus since the characteristic augmentation of the pulse-slowing reflex 
is abolished if, and as long as, the excitability of the anterior hypothalamus is 
reduced by the injection of thiopentone into this structure. | 

When, on the other hand, a state of parasympathetic deficiency is produced 
by a coagulation in the anterior hypothalamus, an autonomic imbalance 
results in which the reactivity of the sympathetic system is increased. This is 
evident from two facts: 

(1) The responsiveness of the posterior hypothalamus to electrical stimula- 
tion as indicated by the height of the contraction of the N.M. is increased. 

(2) The hypotensive action of acetylcholine is lessened and accompanied 
by stronger sympathetic effects than under control conditions. 

It may therefore be said that the reactivity of the posterior hypothalamus 
to direct and reflex excitation is increased in lesions of the anterior hypothala- 
mus. The following fact supports the interpretation that central and not 
peripheral factors account for this state of imbalance: the action of noradrena- 
line on the N.M. is not changed by coagulation in the anterior hypothalamus, 
but the response of the N.m. to posterior hypothalamic stimulation is increased. 

It follows from this discussion that a diminution of sympathetic discharges 
produced by a lesion in the posterior hypothalamus leads to a release and, 
consequently, to an increase of parasympathetic discharges from the anterior 
hypothalamus. Similarly, an experimentally induced reduction of para- 
sympathetic impulses from the anterior hypothalamus is accompanied by a 
release of sympathetic discharges from the posterior hypothalamus. 

These statements do not imply that states of autonomic imbalance which may be observed 
clinically would follow this principle of reciprocal innervation. It should be borne in mind that the 
above-described observations are based on acute experiments and that in chronic conditions 
secondary adjustments may take place. 

Throughout this paper the anterior hypothalamus has been considered to be 
the source of parasympathetic and the posterior hypothalamus the source of 
sympathetic discharges, although it is well known (Hare & Geohagan, 1941. 
and others) that through variations of stimulus frequencies parasympathetic 
and sympathetic effects may be produced from both anterior and posterior 
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parts of the hypothalamus. However, Hess’s (1949) work, in particular, has 
clearly shown that in the unanaesthetized cat the anterior hypothalamus 
is predominantly parasympathetic and the posterior hypothalamus is pre- 
dominantly sympathetic in function. This sharp separation of functions, which 
does not preclude that other functions may be elicited under special conditions 
of stimulation, is confirmed by our experiments and supplemented by the 
evidence that the sympathetic division of the hypothalamus inhibits the 
parasympathetic division and vice versa. The increased emotional response 
of cats with lesions of the ventromedial hypothalamic nuclei (Wheatley, 1944) 
and the production of a state of sleeplessness as the result of surgical separa- 
tion of the preoptic areas from the infundibulum and the mammillary bodies 
(Nauta, 1946) are related phenomena. 

Finally it was shown that the hypothalamus exerts a tonic function on the 
vascular system. Posterior hypothalamic lesions lead to a fall of blood pressure 
and pulse rate which is frequently only temporary. In a number of experiments 
(see Figs. 3 and 4), however, these tonic changes persisted throughout the 
experiment. This centrally induced loss of sympathetic tone is easily dis- 
tinguished from a peripherally induced fall of blood pressure by haemorrhage. 
In this latter case the fall of blood pressure is accompanied by an acceleration 
of the heart rate (baroreceptor reflex). This reflex must also be evoked when 
the blood pressure falls as a result of a posterior hypothalamic lesion. Since, 
nevertheless, the pulse rate is lowered, and this result is also obtained when 
the excitability of the posterior hypothalamus is lowered by the injection of 
thiopentone into this structure, it appears that the baroreceptor reflexes are 
weakened when the excitability of the posterior hypothalamus is lessened. The 
data suggest that the baroreceptor impulses act on the posterior hypothalamus. 

That the posterior hypothalamus is tonically discharging seems to us to be 
of great interest in connexion with emotionally induced hypertension, i.e. 
hypertension which is initiated by excessive hypothalamic sympathetic 
impulses. It is suggested that chronic hypothalamic stimulation experiments 
may lead to hypertension, in spite of the fact that hypothalamic lesions do not 
alter the so-called neurogenic hypertension (Walker, Browne & McQueen, 
1954). 


SUMMARY 


Experiments performed on lightly anaesthetized cats are reported in which 
the influence of lesions, restricted to either the anterior or the posterior hypo- 
thalamus, on autonomic reactions was studied. The slowing of the heart rate 
during noradrenaline-induced rise of blood pressure was used as a test for the 
parasympathetic system, whereas the return of the blood pressure from a 
drug-induced hypotension (with acetylcholine, mecholyl, or histamine) and 
ov her sympathetic effects (acceleration of the heart rate and contraction of the 
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nictitating membrane (N.M.)) served as indicators for the excitability of the 
sympathetic system. The chief results were as follows: 

(1) Lesions of the anterior hypothalamus lead to a considerable decrease 
of the noradrenaline-induced pulse-slowing (i.e. parasympathetic) reflex. 

(2) Lesions of the posterior hypothalamus lead to an aggravation of the 
action of hypotensive drugs on the blood pressure, which is associated with a 
lessened sympathetic response of the heart rate and the N.M. 

(3) Lesions of the anterior hypothalamus produce, in addition, signs of a 
release of the posterior sympathetic hypothalamus, whereas lesions of the 
posterior hypothalamus cause a release of the anterior parasympathetic hypo- 
thalamus. From the experimental data upon which these statements are 
based it may be concluded that under physiological conditions the sympathetic 
division of the hypothalamus inhibits the parasympathetic division and vice 
versa. The principle of reciprocal innervation seems to be valid for the 
hypothalamus. 

4. The noradrenaline and the mecholy] tests are adequate to determine the 
excitability of the parasympathetic and sympathetic systems at the hypo- 
thalamic level in the intact organism. | 

5. The fall of blood pressure and heart rate following a lesion of the posterior 
hypothalamus, and the opposite effects following a lesion of the anterior 
hypothalamus, indicate that tonic sympathetic and parasympathetic dis- 
charges originate in the posterior and anterior division of the hypothalam 
respectively. 

This work was carried out with the aid of a grant from the Louis W. and Maud Hill Family 
Foundation. The assistance of Dr W. P. Koella in the production of lesions is gratefully 


acknowledged. Intocostrin was kindly supplied by Squibb and Sons and dextran by Commercial | 
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UNITARY ACTIVITY OF SPINAL INTERNEURONES OF CATS 
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During a study of the potentials led off from elements of the cat spinal cord 
by intracellular electrodes (Frank & Fuortes, 1955), activity of single inter- 
neurones has been recorded in many instances. Since the modes of action of 
internuncials have been inferred so far mostly by indirect signs (dorsal root 
potentials, cord potentials, ventral root potentials and reflex discharges), it 


seems useful to present here a description of the results obtained from a more 
direct approach. 
METHOD 

Most of the results to be discussed in the present paper were obtained during the series of experi- 
ments mentioned in a previous article (Frank & Fuortes, 1955), in which the methods used for 
recording and the criteria employed for identification of the penetrated elements are described in 
detail. In brief, 3m-KCI filled pipettes, presenting a resistance of 15-50MQ when measured in 
3m-KCl, were inserted in elements of the spinal cord of decerebrate cats. Ventral roots were cut 
to prevent antidromic invasion following electrical stimulation of peripheral nerves. 

Responses recorded from elements situated in the spinal grey matter have been considered to 
originate from interneurones if evidence could be obtained that these elements were not primary 
sensory fibres or motoneurones. These criteria are satisfactory if responses are recorded from cell 
bodies. However, the majority of the responses described in this paper were probably recorded 
from axons and therefore might have been led off from fibres belonging to long descending path- 
not be ruled out in other instances. 

It was found in previous experiments that the patterns of impulse discharges of a unit to applied 
stimuli, in many cases, did not change as the action potentials became smaller. Since the present 
paper deals to a large extent with organization of impulse discharges, many of these units pro- 
ducing small spikes have been considered, together with others displaying larger potentials. Intra- 
cellular recording is used in these cases as a method for leading off single unit impulses rather than 
for detecting biophysical properties of resting and active neurones. 


RESULTS 
Elements classifiable as interneurones can be found from a few » below the 


dorsal surface of the cord all the way down to the ventral bordersof the anterior 
horns. 
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In decerebrate cats many interneurones fire impulses in the absence of 
applied stimulation. This ‘resting’ discharge is more commonly found, in any 
one preparation, in interneurones than in motoneurones. Generally it consists 
of irregularly spaced impulses, but it can be organized in the form of a 
regular train, or it can present regular cycles of frequency modulation recurring 
at rates of 0-5-10/see (Fig. 1). 


Responses to sensory stimulation 

When unit activity of interneurones is recorded, together with the activity 
of ventral root filaments or whole ventral rodts, it can be demonstrated that 
many interneurones are affected by stimulation too weak to influence moto- 
neurones. In many cases the resting firing of a unit can be effectively increased 
by one and decreased or altogether stopped by another form or location of 
sensory stimulation. After excitatory sensory stimulations the irregular 
resting discharges usually change into more rhythmical trains of higher 
frequency. Whereas the firing of motoneurones rarely exceeds a frequency of 
60 impulses/sec, sustained firing at 200/sec has been recorded from inter- 
neurones (Fig. 2). When the ‘resting’ discharge presents cycles of frequency 
modulation, sensory stimulation usually increases both rate of recurrence of 
the cycles (modulation frequency) and range of frequency of impulse dis- 
charge (modulation amplitude). 


Responses to single orthodromic volleys 

Two extreme types of responses of interneurones to single afferent volleys 
are, on the one hand, the discharge of a single impulse, and on the other hand, 
the discharge of a train consisting of more than 100 impulses and lasting more 
than 1 sec. The responses of any one unit to different single shock stimuli 
cover a more or less extensive range between these two extreme limits. For 
purposes of description the responses to single shocks can be classified in three 
groups: single impulse discharges; short, high-frequency bursts; and long 
trains. As would be expected, no sharp boundaries divide these arbitrary 
groups and some responses are difficult to fit into any one of them. 

A minority of the interneurones penetrated in this research showed a 
tendency to respond to single volleys with the early firing of a single impulse 
and discharged a small group of impulses only following quite strong stimuli. 
Among these some units responded after central times of less than 1 msec to 
stimulation of cutaneous fibres, as illustrated in Fig. 3. 

Most interneurones, however, responded to single volleys with repetitive 
firing. In some of these units the typical response consisted of a short, high- 
frequency burst which appeared with shorter latency and presented higher 
frequency and longer duration as stimulus strength was increased (Fig. 4). 
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These responses were only obtained after stimulation of mixed or cutaneous 
nerves. Central time for these responses ranged between 0-5 and about 5 msec, 
frequency between 100/sec and 1000/sec, and usually the maximal burst 
consisted of 5-20 impulses. 


Fig. 1. Spontaneous frequency modulation. Ordinates represent reciprocal of interval between 
successive spikes plotted against the time at end of interval. Insert shows portion of photo- 
graphic record. Time: 1 sec. 


200+ 


2 
Sec 
Fig. 2. Response to pinch. Ordinate is mean frequency averaged over 100 msec for each 
point. Duration of pinch is approximately indicated by the line. 


In other units the response to single orthodromic volleys was characterized 
by long latency, long duration and moderate frequency (Fig. 5). For these 
responses central time ranged between 5 and 500 msec; frequency between 1\) 
and 200/sec and duration could be as long as 5 sec. Units responding with these 
late and long-lasting discharges often presented considerable ‘resting’ activity. 
The response to single afferent volleys appeared then as a more or less endurin¢ 
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increase of frequency of firing. Responses of this type were more usually 
obtained after stimulation of cutaneous origin, but occurred also on stimula- 
tion of muscular nerves. 


Fig. 3. Fig. 4. 
Fig. 3. ‘Single’ response to sural shock. Shock strength increased from left to right. Only 
maximal stimulus elicits double response with central time of less than 1 msec. (Conduction 
to cord required about 2 msec). Time marks: 1 msec. 


Fig. 4. Patterns of short, high frequency, burst responses to single dorsal root shocks. Each point 
shows the start of impulse, Each row represents the response to a single shock at time zero. 
Rows are arranged in order of increasing shock strength. Unit A was 1-1 mm below dorsal 
surface of cord and responded similarly to sural shocks. Unit B was in the ventral horn and 
responded similarly to ventral root shocks. See Fig. 12 A. | 


Fig. 5, Long-lasting response to a single dorsal root shock. Each point in the plot represents the 
mean frequency of discharge averaged over an interval of 100 msec. Note resting discharge 
frequently found in units of this type. Insert shows photographic record. Time: 1 sec. 
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Inhibition was not studied systematically, but the imhibitory effects of 
orthodromic volleys could be revealed by interruption of rhythmical firing 
when this was present. Often inhibition was preceded by excitation (Fig. 6). 
Strong inhibition was usually followed by ‘rebound’ (Sherrington, 1906). Both 
inhibition and ‘rebound’ are more usually seen following repetitive stimula- 
tion (see Fig. 8). 


| 


Fig. 6. Inhibition of ‘resting’ discharge by single dorsal root shock, Usually, but not always, inhibi- 
tion is preceded by excitation as above. Time: 0-2 sec. This characteristic response is essen- 
tially the same as the responses of certain units in the reticular formation, (See v. Baumgarten 
& Mollica, 1954, fig. 5c, d). 


Fig.7. Response to sural stimulation at 100 shocks/sec, showing build-up, adaptation and after-dis- 
charge. Stimuli shown by small artifacts. Note that there is no précise time relation between 
individual stimuli and responses. Records are continuous. Time: 0-2 sec. 


Responses to repetitive stimulation 


The few interneurones which respond to single volleys with one single 


impulse may continue to respond in the same manner to repetitive stimulation. 
Above certain limits (usually between 20 and 100/sec) the response follows 
only some of the stimuli. In most cases, however, the responses to repetitive 
stimuli were more complex. On occasions responses could be obtained only 
following repetitive stimulation of a particular pathway. Fig. 7 exemplifics 
this by showing the gradual build-up of firing frequency of an interneuron 
following repetitive stimulation of the sural nerve. It can be noted in this 
figure that the impulses of the train bear no simple time relation to the stimu). 
For stimulation of a given pathway, excitation or inhibition may become pre- 
dominant at different frequencies. In the unit of Fig. 8 the ‘resting’ frequency 
was increased during and following 16/sec stimulation of the superficia! 
peroneal nerve, but complete inhibition occurred when the stimulation 
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frequency was increased to 160/sec. Marked ‘rebound’ followed cessation of 
the stimulus. Apparently the afferent volleys produced short periods of 
inhibition which fused and predominated over more enduring phases of 
excitation when the frequency of stimulation was sufficiently high. 


Fig. 8. Responses of the same interneurone 60 Stmulation Of Superficial peroneal nerve at different 
frequencies. A, ‘resting’ discharge; B, excitation at 16 shocks/sec, indicated by dots 
added at bottom of record; OC, inhibition and ‘rebound’ at 160 shocks/sec but same strength 
as in B, Time: 1 sec. 3 


Fig. 9. Fig. 10. 


Fig. 9. Responses to ipsilateral and contralateral cutaneous stimulation. Ordinate is mean 
frequency averaged over }sec. A, an interneurone excited by contralateral pinch but 
inhibited by symmetrical ipsilateral pinch; B, another interneurone excited by both of the 
above stimuli. Dashed lines show responses to ipsilateral and solid lines to contralateral 
stimulation. Time: 1 sec. 

Fig. 10. Summation of subliminal excitation from gast dsural nerves. A, subthreshold 
depolarization of an interneurone soma by sural and gastrocnemius stimulation. Two sweeps: 
response to sural on one sweep is larger and has longer latency than response to gastrocnemius 
shock on other sweep. B, same two stimuli but delivered during a single sweep. Time: 1 msec. 


Reciprocal innervation 
Whereas some interneurones obey the rule of reciprocal innervation as 
motoneurones do, others do not. Fig. 9 shows the responses of two different 
interneurones to identical sensory stimulation applied to symmetrical points 
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of ipsi- and contralateral hindlimbs. One interneurone (A) was excited by 
contralateral and inhibited by ipsilateral skin stimulation, while the other (B) 
was excited by both. Fig. 10 shows the response of another unit to single 
shock stimulation of gastrocnemius and of sural nerve, and the summa- 
tion of their subliminal effects. Fig. 11 illustrates the similarity of the discharge 
evoked in a third unit by repetitive stimulation of superficial peroneal and of 
gastrocnemius nerves. 

Among the group of interneurones which do not follow the rule of reciprocal 
innervation, some apparently receive excitation from a very wide peripheral 
field, the same unit responding to sensory stimulation of such distant regions 
as ears, nose, fore- and hindlimbs, tail, etc. A similarly large receptive field 
has been reported for certain units of the reticular substance (Amassian & 
DeVito, 1954). 


| 


Fig. 11. Similar responses of an interneurone to excitation by different routes. A, ‘resting’ 
discharge; B, stimulation of gastrocnemius nerve at 100/sec; C, stimulation of sural nerve at 
100/sec. Shock artifacts form an irregular white line indicating duration of stimulus. Time: 
1 seo. 


Responses to ventral root stimulation 

One group of interneurones is characterized by a typical response to ventral 
root stimulation which was originally described by Renshaw (1946), and was 
later analysed by Eccles, Fatt & Koketsu (1954). In accordance with the 
suggestion of the last-mentioned authors, units of this class may be referred to 
as ‘Renshaw cells’, 

Renshaw cells often discharge impulses in the absence of applied stimula- 
tion. After weak orthodromic volleys they may discharge single impulses or 
short bursts of moderate frequency, but their typical response to stronger 
stimuli consists of bursts of very high frequency (Figs. 4B, 12.A). In most 
units the minimum central time for orthodromic activation of Renshaw cell: 
was of the order of 1-5 msec, but in some cases central times of less than 1 mse 
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have been observed, suggesting that some Renshaw cells receive direct termina- 
? tions from primary afferent fibres. If a ‘resting’ discharge is present, the early 
burst response is usually followed by a long-lasting increase of frequency. 
A silent period may occur between the early burst and the later discharge 
(Fig. 13.A). 

Aw B 


Fig. 12. Renshaw cell. A, dorsal foot, and B, ventral root stimulation of increasing 
Two bottom records show responses of another unit to maximal stimuli displayed at shower 
Time; 1 msec. 


| 
ventral root shocks. Time: | sec. 


The early responses of Renshaw cells to ventral root stimulation are quite 
similar to those described above, as illustrated in Fig. 12. The minimum latency 
following ventral root stimulation is always shorter than that following dorsal 
root stimulation, being of the order of 0-5 msec. The organization of the first 
few impulses shown in the last two records of Fig. 12 B (second interval longer 
than first or third) was observed in several units after strong stimulation. 
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In confirmation of the prediction of Eccles et al. (1954), it was found that 
discharge of Renshaw cells to strong ventral root stimuli can be almost 
perfectly synchronized in different units (Fig. 14). The long-lasting increase in 
frequency with orthodromic excitation is not seen following ventral root stimu- 
lation (Fig. 13 B). 

Other interneurones respond with pure inhibition to ventral root stimuli, as 
revealed by interruption of their ‘resting’ firing (Fig. 15). The degree of this 
inhibition varies extensively in different units and can last several hundred 
milliseconds in some. Interneurones which could be inhibited by ventral root 
stimulation were penetrated in all locations of the grey matter. Some of these 
units were similarly inhibited by dorsal root stimulation. 


Fig. 14. Synchrony of Renshaw cell responses to ventral root shocks. Solid line is a tracing of one 
sweep. Points below the tracing show times of spikes following other stimuli to same cell. 
Points above tracing show similar times for other cells in other experiments. Vertical lines 
facilitate comparison of sweeps. Time: 1 msec. 


Fig. 15. Inhibition of ‘testing’ discharge following ventral root stimulation at 1/sec. Time: | sec. 


DISCUSSION 


Information on the properties of interneurone activity is very scattered, and 
more studies will be required to provide a satisfactory picture of their partici- 
pation in reflex activity, The present analysis reveals, however, some genera! 
features of the activity of interneurones and permits a few limited conclusions. 

From the experimental observations mentioned above, the following general- 
izations can be proposed and discussed in some detail: 

(1) Interneurones may discharge bursts or trains of impulses showing 4 
range of frequency and a complexity of organization not found in moto- 
_ neurones. Intense firing of interneurones can be evoked by stimulations too 
weak to excite motoneurones. 

(2) Not all interneurones follow the rules of reciprocal innervation. Some 
are excited by stimulation of very distant segments of the body. 
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(3) A considerable number of interneurones are either excited or inhibited 
by the antidromic impulses set up by ventral root stimulation. 

It is not surprising to find that the range of frequency and the complexity 
of interneuronal discharges are greater than those of motoneurones, if one 
considers that the main function of motoneurones is to transmit impulses to 
structures incapable of resolving high frequencies. Even though the detailed 
intricacy of interneuronal discharges is not reflected in the patterns of firing 
of single motoneurones, it may well be required for co-ordination of the activity 
of many motoneurones, as for instance in the control of the temporal and 
spatial distribution of activity which occurs in integrated actions. Since a 
great deal of internuncial activity occurs without corresponding reflex firing, 
it is probable that interneurones control reflex discharges largely by producing 
subliminal changes on motoneurones. | 

The internuncial responses showing long latency and long duration cannot 
be involved in production of such brief reflexes as Lloyd’s (1943) plurisynaptic 
reflex. It has been pointed out, however (Brooks & Fuortes, 1952), that the 
more complex reflexes which give rise to purposeful movements are performed 
over longer periods of time, and it is suggested that the sustained activity of 
interneurones may play an important role in these enduring actions. 

The information gathered on the interneurones which do not follow the rule 
of reciprocal innervation is clearly insufficient for a satisfactory interpretation 
of their function. Since many normal actions appear to require simultaneous 
contraction of antagonistic muscles, it can be thought that non-reciprocal 
interneurones provide a mechanism for mitigating reciprocal innervation, 
when such moderation is required. 

The observation that interneurones are frequently affected by antidromic 
impingement confirms and extends previous findings (Renshaw, 1946; Eccles 
et al. 1954). The arguments presented by previous authors are in agreement 
with the evidence obtained in this work, and it is quite acceptable to consider 
that the system linking motoneurones back to interneurones is activated not 
only by antidromic stimulation, but may operate also during orthodromic 
conduction. As Renshaw (1946) pointed out, the ventral root recurrent 
collaterals are the most probable connexion between moto- and interneurones. 
These collaterals are not often mentioned in recent literature, but older 
workers have called attention to their existence and possible significance. 
According to Golgi (1886), ‘the most remarkable peculiarity of the (spinal 
cord) cells which can be safely classified as motor cells because their axons are 
sent to the anterior roots, simply consists of the fact that these axons. . . give 
origin to a number of extremely thin fibrils (usually few) which reflect them- 
selves towards the inner portions of the grey matter and subdivide there in a 
complex manner and without clear borders, mixing themselves with the already 
very complicated nervous network existing there.’ 
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According to Ramén y Cajal (1909), these collaterals point towards the 
anterior border of the spinal grey matter and may be presumed to terminate 
there. This region coincides with the electro-physiological location of most 
Renshaw cells. Since Renshaw cells can be activated by ventral root shocks 
with extremely short latency (about 0-5 msec), it can be concluded that Golgi’s 
ventral root collaterals terminate directly on Renshaw cells. Indeed, one must 
accept that the synaptic delay at the junction between Golgi’s collaterals and 
Renshaw cells is very short, in some cases not more than 0:2-0-3 msec. 
Renshaw (1946) has reported that orthodromic stimuli activate Renshaw cells 
only if they are strong enough to evoke motoneurone firing, suggesting that 
orthodromic excitation may require this link. In many cases the central time 
is long enough to be consistent with this assumption. In other instances, 
however, the central time following orthodromic stimulation is so short that 
their activation must occur from direct terminations of primary fibres 
(Fig. 12A, last record). 

Destination and function of the impulses generated by Renshaw cells can be 
presumed only with a smaller degree of probability. Renshaw (1946, p. 202) 
clearly recognized the possibility that discharges from these cells might inhibit 
motoneurones, but stated that anatomical evidence would have to corroborate 
this presumption. Eccles e¢ al. (1954) consider that impingement of impulses 
from Renshaw cells on motoneurones is demonstrated by their finding that the 
hypopolarization evoked in motoneurones by antidromic volleys presents 
rhythmical steps recurring at a frequency similar to that of the Renshaw cells’ 
firing. Unfortunately, this evidence is weakened by the fact that synchronous 
activity of neighbouring units (Fig. 14) can affect intracellular records. This is 
illustrated by Fig. 3H in Eccles et al. (1954), which shows an early deflexion 
coinciding in time with the firing of motoneurones near the penetrated unit. 
Anatomical studies are still desirable in order to establish the terminations of 
Renshaw cell axons. 

Fewer details are known about those interneurones, the firing of which is 
interrupted by ventral root stimulation (Fig. 15). It can be stated, however, 
that interneurones of this type are numerous and can be found in almost any 
location in the spinal grey matter. Perhaps they do not receive terminations 
directly from ventral root collaterals, but are a subsequent link in the central 
pathway originating from these collaterals. 

Because of their complexity, the responses recorded from interneurones in 
this research proved difficult to classify and analyse, and the results obtained 
allowed only interpretations as tentative as those advanced in the foregoing 
discussion. Since activity of interneurones has been largely neglected in recent 
research, the description presented above may serve the purpose of calling 
attention to the perhaps unsuspected amount and features of their impulse 
activity. It is quite clear from the present results that interneurones can 
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drastically change the organization of the afferent messages before they reach 
the motoneurones. It is not unlikely that the types of impulse discharges 
described above are characteristic of a large number of neurones of the central 
nervous system (Amassian & DeVito, 1954; v. Baumgarten & Mollica, 1954; 
v. Baumgarten, Mollica & Moruzzi, 1954) and that their complexity is a neces- 
sary requirement for the fine integration which the central nervous system 
performs. 
SUMMARY 


1. Activity of spinal interneurones has been recorded by means of intra- 
cellular electrodes in unanaesthetized decerebrate cats. 

2. Many interneurones discharge impulses in the absence of applied stimula- 
tion and respond to stimuli too weak to affect motoneurones. 

3. After sensory stimulation interneurones can discharge sustained trains of 
impulses at frequencies higher than 200/sec. 

4. Interneurones may respond to single orthodromic volleys with the early 
discharge of a single impulse, but more often they respond with short bursts or — 
long trains of impulses. Short, high-frequency bursts were evoked only by 
stimulation of cutaneous or mixed nerves. 

5. Whereas some interneurones follow the rule of reciprocal innervation, 
others are excited by stimulation of pathways usually antagonistic for moto- 
neurones. 

6. Many interneurones react to single shock stimulation of ventral roots. 
Some of these units (“Renshaw cells’) respond with a high-frequency burst 
followed by a silent period: in others, the antidromic volleys evoke inhibition 
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Eccles & Sherrington established in 1930 that in the hindlimb of the cat the 
larger afferent nerve fibres from muscle fell into the same group of fibre size, 
12-20, as the motor fibres. They also showed that the afferent fibres from skin 
in a dorsal digital nerve lay in a group between 8 and 12, in size. Although 
the relative size of motor, muscle afferent and skin afferent nerve fibres has not 
been studied in man in an experimental situation comparable with that used 
by Eccles & Sherrington in the cat, there is evidence suggesting that their 
findings are not applicable to man. Sunderland, Layarack & Ray (1949) have 
shown that cutaneous nerves in the arm in man contain many large fibres; 
in one superficial radial nerve 15% of the fibres were found to be between 20 
and 23, in size. In addition to this, Kugelberg (1944) observed that a strength 
of electrical stimulation can be found which, when it is applied to the median 
or ulnar nerves near the wrist, will produce sensations referred to the peri- 
pheral distribution of these nerves without causing a detectable twitch in the 
muscles of the hand. This observation suggests that the sensory afferent nerve 
fibres from the fingers may be as large as, or larger than, the largest motor 
fibres to the small muscles of the hand. If the afferent fibres from the small 
muscles of the hand are in the same size group as the motor fibres, then they 
also will be no larger than the afferent fibres from the fingers. Kugelberg’s 
observation may easily be repeated, but for reasons which will be considered 
later it must be interpreted with caution. The purpose of this paper is to 
present further evidence, obtained by examining the relative electrical excita- 
bility and conduction velocity of sensory and motor nerve fibres in man. This 
evidence supports that interpretation of Kugelberg’s findings which suggests 
that the afferent nerve fibres from the fingers in man are as large as the largest 
motor or muscle afferent fibres from the small muscles of the hand. This fact 
must be considered in interpreting the observed effects of ischaemia, injury 
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or toxic substances on the function of peripheral nerve in man and in 
the analysis of the central effects of electrical stimulation of peripheral 
nerve. 


METHODS 


The methods used for stimulating and for recording nerve action potentials through the skin were, 
with minor modifications, those described previously (Dawson & Scott, 1949). The arrangements of 
the stimulating and recording electrodes for examining the median nerve are shown in Fig. 1. 
When measuring the afferent conduction time between wrist and elbow the stimulus was applied 
to electrodes 1 and 2 on the index finger, and the ascending volley in the median nerve was recorded 
from the two pairs of electrodes, 5 and 6, and 7 and 8, over the nerve trunk. An earth connexion 
was made to a plate, E1, on the dorsum of the hand. For measuring motor fibre conduction time 
from elbow to wrist the stimulus was applied first to electrodes 7 and 8, then to electrodes 5 and 6, 
and the action potentials in some of the small muscles of the hand supplied by the median nerve, 
usually in the thenar eminence, were recorded from electrodes 3 and 4 for each position of the 
stimulus. 


Fig. 1. Diagram of the electrode arrangements for stimulating and recording. The continuous lines 
indicate that when an electrode connected to one was used for stimulating, it was the cathode 
of the pair; when the electrode was used for recording, relative negativity of that electrode 
caused an upward deflexion in the record. 


To compare the excitabilities of the sensory and motor nerve fibres at the wrist a stimulus was 
applied to electrodes 5 and 6, either alone or followed by another applied to electrodes 1 and 2, the 
muscle action potentials were recorded from 3 and 4 and the ascending nerve action potentials 
from 7 and 8. In this situation the earth connexion was made to a plate, E 2, on the flexor aspect of 
the forearm. Cerebral action potentials evoked by the afferent volley were recorded from a pair of 
scalp electrodes, 9 and 10, 5 cm apart over the contralateral sensorimotor area using the averaging 
methods which have been described elsewhere (Dawson, 1953, 1954). For examination of the ulnar 
nerve, electrodes 1 and 2 were put on the little finger and 3 and 4 on the hypothenar eminence 
over the abductor of the little finger. Electrodes 5 and 6, and 7 and 8 were also placed over the 
ulnar trunk just above the wrist and elbow. 

Electrodes 1 and 2 were silver strips 10 mm wide, coated with silver chloride, covered with lint 
and soaked with brine. They were bent to encircle the finger and stimulate the digital nerves. 
Electrodes 3 and 4 for recording the muscle action potentials were eithersmall chloride-coated silver 
plates 16 by 24 mm, held on with adhesive tape and making contact through electrode paste, or 
brine-soaked pads 15 mm in diameter. For picking up the nerve action potentials electrodes 6 and 
8 were of the strip or T type previously described, but 5 and 7, since they had also to be used as 
stimulus cathodes, were replaced by spherical pads 15 mm in diameter to reduce the area of con- 
tact and increase the density of the stimulating current. Sometimes it was necessary to scratch the 
skin lightly under electrodes 5 and 6 to minimize the resistance between them as this helped to 
reduce the direct pick-up of the stimulating current from electrodes 1 and 2. Also, when the 
stimulus was being’applied to a finger the nerve action potential which could be recorded was 
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considerably smaller than that produced by a stimulus to a nerve trunk at the wrist; very good 
relaxation was therefore necessary to get useful records unobscured by muscle action potentials. 
For this reason the subjects were examined lying supine on a comfortable couch with the arm 
slightly abducted and supported at three or four places by broad webbing straps hung from a beam. 
Except where stated, all the subjects examined were healthy adults. All measurements have been 
made from records of at least twenty traces superimposed or, in the case of the cerebral evoked 
potentials, from a record of the average of as many responses as were necessary to give repeatable 
results at the prevailing level of spontaneous brain activity. For reasons which will be discussed 
later, no control of limb temperature was carried out. 


RESULTS 
Relative excitability of sensory and motor fibres 

Peripheral effects of a single stimulus. When a brief electrical stimulus was 
applied to the median or ulnar nerve trunk at the wrist it was found that many 
subjects reported paraesthesiae radiating into the fingers when no sign could 
be found of a muscle twitch in the hand. This was entirely in accord with 
Kugelberg’s (1944) observation, and he quotes Erb as having made the same 
observation in 1874. In some instances, however, a few motor units were 
excited by the stimulus when it was well below threshold for the great majority 
of motor fibres and after the subject had ceased to report sensations in the 
fingers. Also, it was found that a stimulus which was just above threshold for 
‘ sensation with the cathode in one position over the nerve, might stimulate 
only motor fibres when the cathode position was changed slightly. These 
effects are probably partly due to the vagaries of the current distribution in 
the relatively large and heterogeneous mass of tissue round the nerve. They 
may also be due to the separation into fascicles by fibrous tissue of the nerve 
fibres from different parts of the hand; the subject has been investigated and 
reviewed by Sunderland (1945). For these reasons the stimulating cathodes 
over the nerve trunk at 5 and 7 (Fig. 1) were placed so as to give the best 
possible stimulation of the motor fibres to the muscles from which the action 
potentials were being recorded. This decreased the chance of the sensory fibres 
appearing falsely to have a lower threshold than the motor fibres, but increased 
the number of instances where some motor excitation was found with stimuli 
below threshold for sensation. 

Stimuli about threshold only allow comparison of the excitabilities of the 
most sensitive, or most accessible, motor and sensory fibres. A clearer picture 
may be obtained if a wider range of stimulus strengths is used, from threshold 
to maximal for motor fibres, and the variation in the number of fibres excited 


is estimated. This may be done by stimulating at the wrist, recording the — 


muscle action potentials in the hand and the ascending nerve volley above the 
elbow. Sets of records taken in this way from the ulnar nerve are shown in 
Fig. 2. Records A to D are from the ulnar nerve in a healthy adult, and E to H 
from the ulnar nerve in a child with a severe sensory neuronopathy. The upper 
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record of each pair shows the muscle action potentials, from electrodes 3 and 4, 
due to the nerve volley descending from the site of stimulation; and the lower 
record, from electrodes 7 and 8, is of the ascending nerve volley. With a 
stimulus maximal for motor fibres, such as that in Fig. 2A, the ascending 
volley will consist of a mixture of antidromic impulses in the motor 
fibres and orthodromic impulses in any sensory fibres of threshold the same 


Fig. 2. The upper trace shows superimposed records of the muscle action potentials in abductor 
minimi digiti produced by a stimulus to electrodes 5-6 over the ulnar nerve at the wrist. The 
lower trace, on a faster time base, shows the centripetal nerve volley recorded above the elbow. 
Records A to D are from a healthy subject, and E to H from a patient with no histologically 
demonstrable large afferent fibres. Stimuli reduced from motor maximal in A and E to motor 
threshold in D and H. The top time scale for the muscle action potentials shows 1 and 5 msec. 
The bottom time scale for the nerve action potentials shows 0-1 and 1 msec, The notch in the 
top time scale in this and later records shows the relative duration and timing of the top and 
bottom time scales. | 


as or lower than that of the motor fibres. When the stimulus was reduced 
to about threshold for the motor fibres (Fig. 2D) in the healthy subject an 
ascending action potential was recorded some 25% of the amplitude of that 
found with the stimulus maximal for motor fibres. This indicates that not less 
than 25% of the amplitude of the ascending action potential in Fig. 2A was 
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due to nerve fibres more easily stimulated than the motor fibres. Since the 
cathode was placed to give the best possible stimulation of the motor fibres to 
the abductor minimi digiti, from which the muscle action potentials were being 
recorded, it is unlikely that this result, which is typical of those obtained in 
these experiments, was due to all the motor fibres being relatively inaccessible 
to the stimulus. In addition, when the stimulus was just threshold for the 
abductor minimi digiti none of the other muscles in the hand supplied by the 
ulnar nerve was found to be twitching. This suggests that the low threshold 
fibres excited by the stimuli at and below motor threshold, and apparently 
making up about a quarter of the ascending volley in Fig. 2A, and all the 
ascending volley in Fig. 2D, are afferent in function. The records in Fig. 2 E to 
H, made under the same conditions as those in Fig. 2 A to D, but from the child 
with the severe sensory neuronopathy, support this suggestion. The clinical 

picture presented by this child is to be described fully elsewhere. He was 
_ apparently insensitive to all forms of skin or deep stimuli, whether of a type 
which might be expected to produce pain or otherwise. No reflexes could be 
elicited in the trunk or limbs and there was evidence, particularly in the fingers 
and hands, of multiple injuries with delayed healing and malformation. Biopsy 
of a minor peripheral cutaneous nerve in the foot showed a complete absence of 
large myelinated nerve fibres. Cutaneous stimulation produced no flare, and 
it was concluded that the disease process affected the posterior root ganglia, 
leaving the motor nerve fibres intact. This was supported by the fact that there 
was no muscular wasting and power was good although the child, at the age of 
34 years when these records were made, was unable to walk. Also, the general 
level of excitability of the motor nerve fibres and the range between threshold 
and maximal stimuli was normal. In this case the ascending nerve volley which 
could be recorded was probably made up entirely of antidromic impulses in 
motor fibres. When an electrical stimulus was applied to the ulnar nerve and 
its strength was decreased from maximal for motor fibres (Fig. 2) to thres- 
hold (Fig. 2H), the size of the nerve action potential fell at the same rate as 
the muscle action potential. At this last strength nothing was recorded from 
over the ulnar nerve and there was no evidence of activity in any nerve fibres 
with a threshold lower than that of the motor fibres. 

Results such as these, obtained when the cathode was placed to stimulate 
motor fibres preferentially, indicate the presence in the normal ulnar nerve of 
afferent fibres with a low electrical threshold. They do not, however, show 
whether these low threshold afferents come entirely from small muscles in the 
hand, from the skin and fingers, or from both. When such experiments were 
repeated, but using the median nerve instead of the ulnar, then it was found 
that with the stimulus at motor threshold the ascending volley in the median 
nerve was relatively about twice as big as it was in the ulnar nerve, also with 
the stimulus at motor threshold. Since the median nerve supplies much more 
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skin and fewer muscles in the hand than the ulnar nerve, it seems more likely 
that the larger relative size of the afferent volley in the median is due to stimu- 
lation of fibres from the skin and fingers rather than afferent fibres from muscles. 
A direct comparison of the thresholds of excitability of afferent fibres solely 
from a finger, and motor fibres to the hand muscles, is difficult. This is so 
because of the great differences in size of the digital nerves and the nerve 
trunks at the wrist and in the amounts of tissue over them. Indirect evidence 
may, however, be obtained in the following ways. 

Central effects of the centripetal volley. With a stimulus applied to a nerve at 
the wrist it is possible, in addition to recording the peripheral muscle action 
potentials and the centripetal volley in the nerve, to record the cerebral poten- 
tials evoked by it. From such records the size of the cerebral response can be 
related to the size of the centripetal nerve volley, and the excitability of the 
fibres giving rise to the cerebral response can be compared with that of the 
motor fibres in the nerve. The results of an experiment of this type are shown 
in Fig. 3. Each record in the top line shows the average of the cerebral responses 
to 220 stimuli of one strength, the middle line shows superimposed records of 
the centripetal nerve action potentials produced by the first 55 of the same 
220 stimuli and the bottom line shows the muscle action potentials due to the 
first 55 stimuli. The stimulus used in Fig. 3A was maximal for motor fibres, 
and it was reduced through B and C to just above threshold for motor fibres in 
D. In E and F the stimulus was reduced further, and in G is shown a control 
record of the same number of sweeps with no stimulus. The scalp electrodes 
were connected in such a way that when the back one of the pair, which was 
over the sensorimotor area, became positive with respect to the front one an 
upward deflexion resulted in the record. The first significant deflexion in the 
cerebral records in the top trace (Fig. 3) is the downward one, starting 20 msec 
after the stimulus. This deflexion varies in size with the position of the electrode 
over the sensorimotor area and is more commonly seen when stimulating the 
median nerve; it is frequently absent when the stimulus is applied to the ulnar 
nerve. Following this an upward deflexion begins at 23-25 msec and reaches 
its peak at 28-30 msec. During this deflexion the sensorimotor area opposite to 
the arm being stimulated becomes positive with respect to the rest of the scalp. 
For any one set of stimulating and recording conditions the form of these two 
initial phases of the response is highly repeatable; the later phases vary more 
with changes of attention or wakefulness of the subject. The short latency of 
these initial phases of the response and the constancy of their form suggest that 
they represent events occurring at, or shortly after, the arrival of the sensory 
volley at the cortex. It is the relation of the size of these first phases of the 
cortical evoked potential to the strength of the stimulus and the size of the 
afferent volley which will be considered. In the records in Fig. 3 the size of the 
initial phases of the cerebral response fell off more slowly with reduction of 
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stimulus strength than did the size of the muscle action potential. In Fig. 3D, 
where the stimulus was just above threshold for motor fibres, the muscle action 
potentials from the thenar eminence were approximately 5% of their maximal 
size, shown in Fig. 3A. In contrast to this the cerebral response in Fig. 3D was 
85%, of its size in Fig. 3A due to a stimulus which was maximal for motor 
fibres. In Fig. 3F, where the stimuli were just big enough to produce easily 
detectable action potentials in the median nerve at the elbow and were well 
below motor threshold, they still evoked cerebral potentials the initial phases 
of which were over 35 %, of those in Fig. 3A. Stimuli applied to the ulnar nerve 
gave rise to the same sequence of changes, though the difference in the rate of 
fall of the cerebral evoked potential and the muscle action potential is less. 
These records, and others made in comparable conditions, show first that the 
cerebral responses may be evoked by stimulation of fibres with a threshold 


Fig. 3. The top record shows the average of 220 cerebral responses to stimuli to the median nerve 
at electrodes 5-6. Stimulus strength was decreased from maximal for motor fibres in A to 
zero in G. The middle record shows superimposed the centripetal nerve action potentials and 
the bottom record the thenar muscle action potentials due to the first fifty-five of the 220 
stimuli. The top time scale for the cerebral responses shows intervals of 5 and 20 msec. The 
bottom time scale, for the nerve and muscle action potentials, shows 1 and 5 msec. The time 
of the stimulus is shown by the spike at the start of the notch in the top time scale. 


low: 

= the 
low 
suc. 
res] 
tha 
afte 
im] 
the 
] 
° 5 a 
an 
\ tra 
finy 

| vol 
3-4 are 
fib 
ImvV W 
be 
ac 
Lis 
10 9 E, 
in 
(tl 
th 
| al 
th 
re 


NERVE CONDUCTION VELOCITY IN MAN 443 


lower than that of the motor fibres. Secondly, they do not show evidence for 
the existence of any considerable number of afferent fibres with a threshold 
lower than that of those giving rise to the cerebral responses. Had there been 
such a group of fibres it might have been expected that the size of the cerebral 
responses would have fallen more rapidly with decreasing stimulus strength 
than the size of the centripetal nerve volley. In fact, in the records in Fig. 3, 
after the centripetal nerve volley had lost the component due to the antidromic 
impulses in motor fibres, the nerve volley and the cerebral response fell at about 
the same rate and disappeared at the same shock strength. 

Interaction of volleys from finger and wrist. A stimulus applied to electrodes 
5 and 6 (Fig. 1) will produce in the sensory nerve fibres in the nerve trunk both 
an ascending orthodromic volley and a descending antidromic volley which will 
travel into the finger. A second stimulus applied to electrodes 1 and 2 on the 
finger can be timed to produce an ascending volley that will meet the descend- 
ing volley from the wrist. If the stimulus at the wrist is strong enough, the 
descending volley it produces will occupy all the afferent fibres in which an 
ascending volley is also produced by the stimulus to the finger. The ascending 
volley due to the finger stimulus will therefore be blocked and no action poten- 
tial due to it will be recorded at the elbow. If the muscle action potentials also 
are recorded from electrodes 3 and 4, then the number of motor fibres which 
are stimulated by a shock at the wrist just strong enough to block the volley 
from the finger may be estimated. The excitability at the wrist level of afferent 
fibres from the finger may therefore be compared with the excitability of the 
motor fibres at the same level in the nerve. The results from an experiment of 
this type are shown in Fig. 4. The upper trace records the action potentials 
from electrodes 3 and 4, over the thenar muscles. The lower trace records the 
action potentials from electrodes 7 and 8 over the median nerve at the elbow. 
When a stimulus S, was applied to electrodes 5 and 6 at the wrist an ascending 
nerve action potential A, (Fig. 4A) was recorded. Since the stimulus was 
below threshold for motor fibres no muscle action potential appeared in the 
upper trace from electrodes 3 and 4. When a stimulus S, was applied 2 msec 
after the start of the lower trace to electrodes 1 and 2 on the finger, a smaller 
action potential A, (Fig. 4B) with a longer latency was recorded. So long as the 
wrist stimulus S, was kept below a critical strength the two stimuli S, and S, 
applied together produced both action potentials A, and A, (Fig. 4C). As 8, 
was increased above this critical size the action potential A, continued to — 


increase in size, but A, became smaller and finally disappeared, even though . WE 


the finger stimulus was kept constant. This is shown in Fig. 4D and E; in D © 
the strength of the stimulus S,, although it was sufficient to cause a consider- 
able reduction in the amplitude of the action potential A,, was only just above 
threshold for the motor fibres. In Fig. 4E, where S, was sufficiently strong to 
reduce the volley A, from the finger below the limit of detectability the muscle 


444 G. D. DAWSON 


action potential it produced in the upper trace was still only just over one- 
third of the size of that produced by a maximal stimulus and shown in Fig. 4F. 
It seems, therefore, that the more excitable fibres from the fingers have an elec- 
trical threshold at the wrist as low as that of the most excitable motor fibres 
at the same level in the nerve and lower than that of most of the motor fibres. 


Fig. 4. The top record shows the thenar muscle action potentials due to the stimulus S, at electrodes 
5-6. The bottom record shows the centripetal nesve action potentials, A, due to stimulus S, 
and A, due to stimulus S, to electrodes 1-2. S, constant throughout, S, increasing from 
threshold for motor fibres in C to maximal in F. Top time scale for the muscle action potentials 


shows 1, 5 and 20 msec and bottom time scale for the nerve action potentials shows | and 
5 msec. 


Relative conduction velocity in sensory and motor fibres 

A major source of error in the measurement of conduction rate was demon- 
strated by Helmholtz & Baxt (1868, 1870) when they showed that.in arm nerves 
in man the velocity of conduction in motor nerve fibres varied widely with 
temperature. That this variation may be serious under normal laboratory 
conditions can be seen from the fact that in uncovered limbs of healthy subjects 
at rest motor fibre conduction velocities from 70 down to 40 m/sec have been 
recorded. On account of the gradient of temperature along the axis of the 
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limb it is difficult to apply measurements of temperature made at only one 
or two points near the nerve to correct these results. Therefore, to avoid the 
inconvenience of recording nerve action potentials with the limb in a constant 
temperature bath, no attempt has been made to measure absolute values of 
sensory or motor fibre conduction velocity. Instead, measurements have been 
made of the conduction times between the same pairs of electrodes along sen- 
sory and motor fibres in the same stretch of nerve; this allows the relative 
conduction velocity of the two sets of fibres to be estimated. The interval of 
time between the two sets of measurements was made sufficiently short for any 
significant change of temperature to be unlikely, or alternatively the sensory 
conduction time was measured both before and after the measurement of 
motor conduction time. The chief remaining source of error lies in the uncer- 
tainty about the position along the nerve trunk where excitation actually takes 


‘ place when a stimulus is applied to the overlying skin. If a stimulus at the 


wrist or elbow is increased slowly from below threshold for motor fibres, and a 
record is made at high amplification from over the muscles supplied by the 
nerve, it is sometimes found that the first units which fire in the muscle are not 
those with the shortest latency. As the strength of the stimulus is increased the 
latency of the muscle action potential may diminish in small discrete steps as 
new units are added. The muscle action potential then begins to increase in 
size with little or no change in latency until it is between half maximal and 
maximal. At this strength a continuous decrease in latency may begin and go 
on with stronger stimuli after the muscle action potential has ceased to increase 
in size. The stimulus chosen for measuring the motor fibre conduction time was 
strong enough to stimulate the units with the shortest latency, but not so 
strong as to reduce the latency by spread of the stimulus from the cathode. The 
latency was measured from the time of stimulation to the first detectable rise of 
the muscle action potential, and the motor conduction time was taken as the 
difference between the latencies in successive records with the stimulus at 
elbow and wrist. 

Records of nerve action potentials made through the skin are usually tri- 
phasic: but the size of the initial phase, which has been recorded as a down- 
ward deflexion and in which the electrode nearer to the approaching action 
potential becomes positive with respect to the more remote one, is very variable 
and it may be almost absent. In arranging the electrodes at the start of an 
experiment small adjustments were made to their positions until the nerve 
action potentials had as nearly as possible the same shape whether recorded 
at the wrist or elbow. When closely similar shapes could not be obtained the 
records were not used for purposes of measurements. Afferent conduction 
times were taken as the difference in time between corresponding points on the 
action potentials recorded at the wrist and elbow. Two measurements were 
made, the first to the bottom of the initial positive, downward deflexion or, 
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where that was too small, to the first detectable rise above the base-line, and 
the second to the negative peak of the action potential. The measurements to 
the first trough and to the first peak gave different values for the conduction 
times as the action potentials from the elbow were usually slightly different 
in duration from those picked up at the wrist, probably owing to dispersion over 
the longer conduction distance. An example of the type of record from which 
measurements were made is shown in Fig. 5. In A are shown a pair of records 


Fig. 5. The records in A show the conduction time in the median nerve between electrodes 5-6 and 
7-8 of an afferent volley due to stimulation at electrodes 1-2 on the index finger. B shows the 
latency of the muscle action potential at electrodes 3—4 after stimulating at electrodes 5-6 and 
C after stimulating at electrodes 7-8. The time scales show 1 and 5 msec. 


made simultaneously from electrodes over the median nerve at the wrist, upper 
trace, and at the elbow, lower trace, with the stimulus applied to electrodes 
1 and 2 on the index finger. In B and C are successive sets of records of the 
muscle action potentials from over the thenar muscles with the stimulus at 
electrodes 5 and 6 at the wrist in B and at electrodes 7 and 8 at the elbow in C. 

Fourteen subjects were used, and twenty experiments were carried out, ten 
on the ulnar nerve and ten on the median. No subject was used twice in either 
group, and the results obtained are shown in Table 1, in which the measure- 
ments are given to the nearest 0-05 msec. All the twenty experiments taken 
together gave a mean motor conduction time of 5-12 msec, and a mean sensory 
conduction time of 4-73 msec measured from the starts of the sensory action 
potentials and of 4-88 msec measured from the peaks. The means of the dif- 
ferences between motor and sensory conduction times were 0-393 and 0-243 
msec. Analysis of the results in Table 1 shows that if, in fact, the motor and 
sensory conduction velocities were the same, then differences of the sizes found 
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might be expected to occur by chance less than once in every 1000 samples of 
this size for the measurements to the starts, or less than once in every 100 
samples for the measurements to the peaks. The figures for the ten median 
nerve experiments taken alone also give differences which might be expected 
to occur by chance less than once in every 100 samples of that size, but the 
figures from the ten ulnar nerve experiments taken alone are less significant. 


TaBLE 1, Conduction times between wrist and elbow in motor and sensory fibres in median and 
ulnar nerves. Fourteen subjects, ten median and ten ulnar experiments. 7',,=motor time, 
T’,, =sensory time from starts of action potentials, and 7',, =sensory time from peaks (msec.) 


LS. 4-85 4°75 4-80 0-10 0-05 
P.N. 4-85 4-90 4-70 — 0-05 0-15 
R.G. 6-15 5°85 5-90 0-30 0-25 
L. 4-65 4-70 4-75 — 0-05 -0-10 
H. 4-45 4-05 4-25 0-40 0-20 
T.W. 4-05 3-95 4-00 0-10 0-05 
M.H., 4:15 3-95 4-00 0-20 0-15 
TS. 5-00 4-35 4-85 0-65 0-15 
J.C. 4-55 4-05 4-30 0-50 0-25 
J.D. 4-85 4-45 4-50 0-40 0-35 

Mean 4-76 4-50 4-61 0-255 0-15 
(median t=3-43 t=3-73 
alone) P<0-01 P<0-01 
R.G 5-20 5-05 5-20 0-15 0-00 
J.P 6-40 5-80 6-20 0-60 0-20 
M.H 6-40 5-65 5-65 0-75 0-75 
G 6-20 4-65 4-85 1-55 1-35 
P.N 4-90 4-75 5-05 0-15 —0-15 
LS 5-70 5-70 5-75 0-00 ~ 0-05 
T.W 5-15 3-85 4-30 1-30 0-85 
TS 5-65 5-25 5-30 0-40 0-35 
J.C 5-00 4-80 4-90 0-20 0-10 
V.E 4-25 4-05 4-30 0-30 - 0-05 
Mean 5-49 4-96 5-15 0-53 0-355 
(ulnar t=3-19 t=2-15 
alone) P=0-012 P=0-06 
5-12 4-73 .. 4-88 0-393 0-243 
(combined) t=4-17 t=2-99 


Here the difference between motor conduction time and the sensory conduction 
time measured from the starts of the action potentials might be expected by 
chance once in every eighty-three samples and the figures derived from the 
peaks give a difference which might occur by chance once in every sixteen or 
seventeen samples. A wider separation between the electrode positions was 
found to be an advantage when recording from the ulnar nerve. This may 
account entirely for the longer conduction times obtained from the ulnar nerve 


experiments. 
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DISCUSSION 


One factor which must be considered in interpreting the observations on 
excitability in the nerve trunks at the wrist is fibre branching. If a majority 
of the motor fibres to the small muscles of the hand had already branched at 
the level of the stimulating electrode at the wrist, and had possibly become 
smaller as a result, this might account for their relatively higher threshold. 
Eccles & Sherrington (1930) found that branching of motor fibres was greatest 
at short distances from a muscle and was uncommon beyond lcm fromit. Inthe 
experiments described in this paper the stimulating point was not less than 
5cm from the motor point of the muscle being examined. The evidence of 
Eccles and Sherrington may not be applicable to man, but other experiments 
with stimuli applied higher up the nerve and farther from the muscles also 
suggest that branching is not important. Stimuli applied at elbow level, 
where branching is probably confined to a small minority of the fibres, still 
show a lower threshold for the afferent fibres from the fingers than for the motor 
fibres to the small muscles of the hand. At this level in the nerve trunk, 
however, the fibres with the lowest threshold are often those from parts of the 
limb proximal to the hand, which were incorporated in the nerve nearer to the 
elbow and are therefore probably more superficial in the trunk at the point of 
stimulation. 

Cerebral potentials such as those recorded in the experiment illustrated in 
Fig. 3 might have been evoked either directly by the volley in afferent fibres 
ascending from the point of stimulation, or they might have been secondary to 
movements in the periphery resulting from a motor volley descending the 
nerve. In the second case they would be of little value for estimating the 
threshold of any sensory fibres being stimulated. Some of the later parts of the 
cerebral response are probably produced indirectly through the periphery 
(Bates, 1951), but it has been shown that the latency of the initial phases of the 
responses in the present experiments was progressively reduced when the 
stimulating point was moved centrally along the nerve. Also, the stimuli 
continued to evoke cerebral potentials when they were considerably below the 
minimum strength at which any movement could be observed or action poten- 
tials be detected in the hand muscles. The experiments, therefore, show that 
the cerebral responses were produced directly by stimulation of afferent fibres, 
and the greater part of them by fibres which have a lower threshold than that 
of the motor fibres to the small muscles of the hand. That these low threshold 
afferent fibres, which are stimulated at the wrist, certainly come in part from 
the fingers is shown by the experiments on the interaction of volleys from 
finger and wrist. They might also come in part from muscles; no satisfactory 
experiment has yet excluded this possibility in man, though the observations 
of Lloyd & McIntyre (195Q) and of Mountcastle, Covian & Harrison (1952) 
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in the cat show that if the largest muscle afferent fibres have any access at all 
to the cerebral cortex, it is much less direct than that of cutaneous or other 
afferents. No cerebral responses were detected with stimuli just too small to 
produce paraesthesiae in the fingers, but stimuli which could just be felt 
produced detectable cerebral responses in some subjects. It seems to be clear, 
therefore, that if any muscle afferents do contribute to the cerebral responses 
they have not got a lower threshold than that of the afferent fibres from the 
fingers. In addition, when the stimulus was reduced to near the threshold for 
sensation and for the cerebral response, nerve action potentials were barely 
detectable at the elbow. This indicates that if there are any sensory afferent 
fibres from muscles in the median or ulnar nerves with a threshold lower than 
that of the afferent fibres from the fingers, they are few in number. 
The motor conduction time derived from the first rise of the muscle action 
potentials is probably that of the fastest conducting motor fibres. If this is so, 
a comparison of the motor conduction time with the sensory conduction time 
derived from the starts of the sensory action potentials should give the relative 
conduction velocity of the fastest fibres of both types. From such a comparison 
it is clear that the fastest conducting sensory fibres from the fingers have a 
higher conduction velocity than that of the fastest conducting motor fibres 
to the small muscles of the hand, a difference consistent with the lower 
threshold of the sensory fibres to electrical stimulation. The measurements of 
sensory conduction time made between the peaks of the action potentials gave 
on the average a longer time than the measurements between the starts. This 
was evidently due to broadening of the action potentials recorded near the 
elbow caused by dispersion of impulses in fibres with different conduction 
velocities over the longer conduction distance. The figures of peak to peak 
times therefore probably represent the conduction time, not of the fastest 
fibres alone, as do the figures taken from the starts, but also that of a con- 
siderable group of slower fibres. In the median nerve experiments it is there- 
fore clear that some of the more slowly conducting sensory fibres, as well as the 
fastest ones, have a shorter conduction time and a higher conduction velocity 
than that of the fastest motor fibres. In the experiments on the ulnar nerve 
also the fastest sensory fibres showed a conduction time significantly shorter 
than that of the fastest motor fibres in the nerve, but the difference was less 
than in the case of the median nerve. The slower sensory fibres in the ulnar 
nerve, represented by the measurements between peaks, showed a conduction 
time less than that of the fastest motor fibres, but not by a significant amount. 
In general, the sensory action potentials recorded from the ulnar nerve when 
the little finger was stimulated were smaller and less easy to measure than 
those recorded from the median nerve when the index finger was stimulated. 
How far the difference between the median and ulnar figures was due to a real 
difference between the two nerves, and how far possibly to less accuracy of the 
29 PHYSIO. CXXXI 
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ulnar measurements, cannot be decided on the present evidence. Although 
on the average the sensory conduction velocities were faster than the motor 
conduction velocities, some individual variations occurred in the fourteen 
subjects examined. A few showed afferent conduction velocities slightly 
lower and a few considerably higher than their motor conduction velocities. 
If the evidence of Sunderland et al. (1949) about the variations between indi- 
viduals, and between opposite sides in the same individual, in the number of 
large fibres in cutaneous nerves can be applied also to mixed nerves, as seems 
likely, then the individual variations in relative conduction velocities found 
in the present experiments are no greater than might be expected. If lower 
threshold to electrical stimulation and higher conduction velocity can be 
accepted in any one species as being associated with larger fibre size, then con- 
ditions such as pressure and ischaemia, which affect larger fibres first, may be 
expected to affect sensory fibres from the fingers before they affect motor fibres 
to the hand. In this connexion it is interesting to note that Gilliatt & Wilson 
(1954) found that disturbance of sensation produced by a pneumatic cuff around 
the upper arm progressed more rapidly in the distribution of the median nerve 
than in that of the ulnar nerve. This may suggest that the larger differences 
between sensory and motor conduction velocities in median than in ulnar 
nerve may reflect a larger size for the finger afferents in the median nerve, 
rather than just greater difficulty in measuring the ulnar action potentials. 

It may be concluded that interpretation of the central effects in man of 
peripheral electrical stimulation must be based on the fact that sensory afferent 
fibres from the fingers have a lower threshold and higher conduction velocity 
than the motor fibres to the small muscles of the hand. They also have at least 
as low a threshold as that of the afferent fibres from these muscles. It is there- 
fore probable that the finger afferents are larger than the motor fibres and as 
large as the muscle afferents; no opportunity has arisen of checking this directly 
under experimental conditions comparable with those used by Eccles & 
Sherrington (1930) for their measurements in the cat. 


SUMMARY 


1. The relative electrical excitability at the wrist, and the relative conduc- 
tion velocity between wrist and elbow, of sensory and motor fibres in the 
median and ulnar nerves have been examined in man. 

2. It is shown that the more excitable sensory afferent fibres from the 
fingers have a lower threshold to electrical stimulation than that of the motor 
fibres to the small muscles of the hand. 

3. The cerebral potentials evoked by stimulating median or ulnar nerve 
trunks are produced largely by afferent fibres with a threshold lower than that 
of motor fibres. | 
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4. No group of fibres has been found in median or ulnar nerves with a 
threshold lower than that of those producing the cerebral responses. 

5. The sensory afferent nerve fibres from the fingers are shown to have a 
higher maximum conduction velocity than that of the motor fibres to the small 
muscles of the hand. 

6. Itis concluded that, if greater fibre size is associated with lower electrical 
threshold and greater conduction velocity, the sensory afferent fibres from the 
fingers in man have a larger maximum size than the motor fibres to the small 
muscles of the hand and are not smaller than the afferent fibres from these 
muscles. 


I wish to thank Dr E. A. Carmichael for his encouragement throughout this work. 
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THE SIMULTANEOUS MEASUREMENT OF ABSORPTION AND 
TRANSIT IN THE GASTRO-INTESTINAL TRACT OF THE RAT 


By P. C. REYNELL anv G. H. SPRAY 
From the Nuffield Department of Clinical Medicine, University of Oxford 


(Received 22 August 1955) 


It has been our object to devise a method by which gastric emptying, intestinal 
transit and the absorption of test substances from the gastro-intestinal tract 
of the intact conscious animal can be measured simultaneously. To this end 
we have administered a test solution, together with a soluble marker which is 
almost completely unabsorbed. The distribution of the marker along the 
gastro-intestinal tract can be used to calculate gastric emptying and in- 
testinal transit, and the ratio of test substance to marker in a sample from any 
part of the gastro-intestinal tract can be used to calculate the percentage 
absorption of test substance at that level. Phenol red has been used as marker 
and glucose and iodide as test substances. Glucose was selected as a substance 
which is preferentially absorbed by a vital mechanism (Cori, 1925), and iodide 
as a substance not known to be absorbed by any special mechanism. 

The use of markers in the study of gastro-intestinal function is not new. 


Gastric absorption in man and dog has been studied in this way (Holtz & © 


Schreiber, 1930; Freund & Steinhart, 1931). Inert substances such as chromic 
oxide have been given by mouth to animals, and the ratio of various sub- 
stances to the inert marker have been compared in diet and faeces so as to 
measure the percentage net absorption without the necessity for full balance 
studies (Schiirch, Lloyd & Crampton, 1950). Goodman, Lewis, Schuck & 
Greenfield (1952) have used Evans blue to measure intestinal transit in 
animals; but to the best of our knowledge no satisfactory technique has yet 
been evolved for the simultaneous measurement of intestinal absorption and 
transit. 
METHODS 
Experimental methods 

Adult male rats of the Wistar strain (200-400 g wt.) were used in these experiments. They were 
deprived of food but allowed water for 24 hr before the experiment. Each rat was then given just 


sufficient ether to cause it to submit passively to intubation with a gum elastic catheter and 4 m!. 
of a solution containing approximately 3 mg of phenol red, 400 mg glucose and 2yec of I was 
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introduced into the stomach. One rat was immediately killed and used as a control, and others 
were killed by a blow on the head at intervals of 1, 2 and 3 hr after intubation. Duodenum, 
terminal ileum and oesophagus were rapidly ligated, and the stomach and small intestine were 
excised and divided into the following four segments: (a) stomach, (b) proximal half of small 
intestine, (¢) third quarter of small intestine, (d) distal quarter of small intestine. If any phenol 
red had passed into the caecum, this was obvious on inspection as the contents of the terminal 
ileum are alkaline. Each segment was placed in a measuring cylinder, and the volume made up 
to 60 ml. with 195% (w/v) cadmium sulphate solution and homogenized for 5 min in a Waring 
blender. 2-5 ml. of 2n-NaOH was then added to 40 ml. of homogenate, the volume was made up 
to 80 ml. and the suspension well mixed and filtered (Fujita & Iwatake, 1931). Phenol red and 
glucose estimations were carried out on the filtrate and iodide estimations on the remaining 20 ml. 
of homogenate. 
Analytical methods 

Phenol red was determined colorimetrically using a Hilger Spekker photoelectric absorptio- 
meter with green filters (absorption maximum 530 my). A standard curve was obtained relating 
the concentration of phenol red to the optical density of the solution in 0-01N-NaOH, and the 
concentration of phenol red in the alkaline filtrates was read off from this curve. 

Glucose was determined as fermentable reducing substances by a modification of the method of 
Fisher & Parsons (1953). Total reducing substances in an aliquot of the cadmium hydroxide 
filtrates were determined by the method of Hulme & Narain (1931) before and after fermentation 
with yeast. The difference between the amounts of reducing substance before and after fermenta- 
tion was taken as the amount of glucose in the sample. 

Radio-iodine was given in the form of sodium iodide of high specific activity without carrier 
iodide, and the radioactivity of 5 ml. aliquots of homogenate was determined on a scintillation 
counter. 

Calculations 

The following values are all expressed as percentages. In each case ‘control rat’ means rat 
killed immediately after intubation. 

Gastric emptying is defined as that percentage of the administered phenol red which has left the 
stomach during any given period of time and is calculated from the formula 

Pzx—Pa 
Pz 


where Pa= phenol red recovered from the stomach, Px=phenol red recovered from the whole 
gastro-intestinal tract. If any phenol red is found to have entered the caecum, this amount is 
calculated by difference from the control animal assuming 90% recovery in the test animal, this 
being approximately the average fraction of the administered phenol red recovered from different 
animals in preliminary experiments (Table 1). 

Intestinal transit can be determined for each segment of small intestine separately, for any 
adjacent pair of segments or for the small intestine as a whole. The transit through any segment is 
that percentage of the amount of phenol red entering the segment during the time since intubation 
which has moved on to the next segment during the same period of time. For example, the 
transit through the first half of the small intestine is given by the ratio 


Pd 
PbiPa Pa” 100, 


where Pb=phenol red recovered from the first half of the small intestine, Pd =phenol red re- 
covered from all parts distal to the mid-point of the small intestine, including any which has 
entered the caecum. 

Intestinal absorption index for a test substance at any level of the small intestine is the propor- 
tion of the administered substance which has been absorbed by the time the intestinal contents 
have reached that level. The figure is obtained by comparing the ratio of test substance to phenol 
red recovered from a segment of the small intestine of the test rat to the ratio of test substance to 


x 100, 
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phenol red recovered from the control rat, and is calculated from the formula 


x 100, 


PiTy 

where Py =total phenol red recovered from the control rat, Pi = phenol red recovered from rele- 
vant segment of test rat, 7'y=total amount of test substance recovered from control rat, Ti — 
amount of test substance recovered from relevant segment of test rat. If this ratio is calculated 
for each segment of the small intestine, the series of values obtained represents an ‘absorption 
gradient’ which gives an indication of the site of maximum absorption. The value obtained for 
the distal segment of the small intestine is a measure of the completeness of absorption of the test 
substance by the small bowel. 

Rate of absorption of a test substance is the percentage of the administered dose which is 
absorbed during any given period of time since intubation, and is calculated from the formula 

100, 

where 7'y =amount of test substance recovered from control rat, 7'x =amount of test substance 
recovered from test rat. 

Gastric absorption of a test substance cannot be directly measured, but if the ratio of test sub- 
stance to phenol red recovered from the stomach of the control animal is greater than the same 
ratio in an animal killed some time after intubation, it may be assumed that some test substance 
has been absorbed from the stomach. The following index, obtained from these ratios, gives a 
value for ‘maximal’ percentage gastric absorption since it involves the assumption that the ratio 
of test substance to phenol red leaving the stomach during the time since intubation is the same 
as that found in the stomach when the animal is killed. It therefore overestimates ‘true’ gastric 
absorption PeTa 

where Pc =phenol red recovered from stomach of control rat, Pa=phenol red recovered from 
stomach of test rat, 7'c=amount of test substance recovered from stomach of control rat, Ta = 
amount of test substance recovered from stomach of test rat. 


RESULTS 

Selection of phenol red as marker. A number of substances were tested as 
possible markers. Animals were killed at hourly intervals after intubation, 
and the amount of marker recovered from the gastro-intestinal tract was 
compared with the amount recovered from an animal killed immediately after 
intubation. Evans blue (T 1824) and carmine were found to be unsatisfactory 
because the amount recovered decreased progressively with time, suggesting 
a significant absorption. Eventually phenol red was tried as Fisher (personal 
communication) found that this indicator did not appear in significant amount 
in the outer circuit of the isolated rat intestine after it had been introduced 
into the inner circuit. The amount of phenol red recovered from the stomach 
and small intestine of rats at intervals of time varying from 1 to 3 hr after 
intubation was usually more than 90% of the amount recovered from the 
control rat killed immediately after intubation (Table 1). 

It was nevessary to use a control rat since the phenol red recovered from 
such an animal always gave a lower colorimeter reading than that obtained by 
simple dilution of the injected fluid. We have been unable to find the reason for 
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this discrepancy. Phenol red can be recovered quantitatively if added to a 
tissue homogenate or to the filtrate obtained after adding NaOH to a homo- 
genate, but not if injected into the stomach of the living animal, even if the 
rat is killed within seconds of intubation. Phenol red is also lost if the stomach 
is washed out and the contents analysed, instead of homogenizing the contents 
and stomach wall together. There may be some binding of phenol red by the 
stomach tissue, because a little phenol red was lost when it was added to a 
stomach immediately after removal from the animal, although this loss was 
not as great as that found when the phenol red is injected into the living 
animal. If this binding does occur, our recoveries show that there can be little 
further loss of phenol red by this means during the ensuing 3 hr. There is 
undoubtedly a little absorption of phenol red, since traces of it can be detected 
in the urine, but the recoveries indicate that the amount absorbed must be 
very small. We have felt it necessary to administer phenol red in strong 
solution (75 mg/100 ml.), as recovery seemed to be less good if weaker solu- 
tions were used, 


TaBLz 1. Phenol red recovered from test animals expressed as percentage of control values 


Time after 
intubation No, of Mean recovery 8.E. or 
(hr) animals (%) range 
1 15 93 +2-0 
2 3 91 88-93 
3 1 94 


Phenolphthalein is a substance chemically similar to phenol red, though of 
smaller molecular weight, and there is evidence that an appreciable quantity 
of phenolphthalein is absorbed and re-excreted into the intestine with the bile 
(Abel & Rowntree, 1909). A significant enterohepatic circulation of this kind 
might invalidate our results. In order to exclude this source of error, the bile 
ducts of two rats were divided between ligatures, and 5 days later the animals 
were killed 1 and 2 hr after administration of the test solution. The amount of 
phenol red recovered was 102% of control value at 1 hr and 92% at 2 hr, and 
it was concluded that there was no significant enterohepatic circulation of 
phenol red. Phenolphthalein is a purgative, although it is believed to act 
mainly on the large intestine (Goodman & Gilman, 1941). We found no 
evidence that phenol red, in the doses used by us, had any purgative effect. 
The animals did not develop dgarrhoea, the caecal contents were of normal 
consistency, and the contents of the terminal ileum were jelly-like and not 
fluid. 

Gastric emptying. Percentage gastric emptying was determined in thirty- 
three normal rats at intervals of time varying from 1 to 3 hr after intubation 
(Table 2). The variation between animals was very great, but if the mean of 
the logarithms of gastric residues is plotted against time, emptying is linear 
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over the first 2 hr at least (Fig. 1), suggesting that when a fluid meal is taken 
” into the stomach, gastric emptying is an exponential function of time. This is 
consistent with experimental findings in man (Hunt & Spurrell, 1951). 


TaBLe 2. Percentage gastric emptying after varying intervals of time 


Time after Mean gastric 
intubation No. of emptying 
(hr) animals (%) 8.E. 
1 15 52 +41 
2 11 75 + 5-2 
3 7 86 +3-4 
20 
Bie 
16 
& 
12 
= 10 i 
0 1 2 3 
Time (hr) 
Fig. 1. 


Fig. 1. Gastric emptying. Mean logarithms of percentage of initial dose of phenol red remaining in 
the stomach plotted against time after intubation. 


Fig. 2. Correlation of percentage gastric emptying after 1 hr and percentage of initial dose of 
glucose absorbed after l hr. (r =0-915; =9-83+ 1-066y.) 


Intestinal transit. Transit through each of the three segments of the small 
intestine was determined at intervals of time varying from 1 to 3 hr after 
intubation (Table 3). Once more there was considerable variation between 
different rats, but it was clear that the intestinal contents moved more 
slowly as they approached the caecum. Transit was more rapid through the 
first half of the small intestine than through the third quarter, and through the 
distal quarter it was exceedingly slow. There was never any phenol red in the 
caecum after 1 hr, but a little was sometimes present after 2 hr, and at 3 hr it 
was present in the majority of animals, 


. Absorption of glucose 
Intestinal absorption index for glucose. The percentage absorption of glucose 


was calculated for each segment of the small intestine. Only insignificant 
amounts of fermentable reducing substances were recovered from the distal 
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half of the small intestine, indicating that a dose of 400 mg glucose is com- 
pletely absorbed in the upper half of the small intestine (Table 4). 

Rate of glucose absorption. When 400 mg glucose is given, some 70% is 
absorbed after 1 hr and some 85%, after 2 hr (Table 5). The amount of glucose 
recovered after 3 hr was usually insignificant. The percentage absorption 
varies greatly from one animal to another, but if absorption is plotted against 


_ gastric emptying there is a close linear correlation (Fig. 2). This illustrates the 


TaBLE 3. Intestinal transit calculated for each segment of small intestine 


after varying intervals of time 
lst half of 3rd quarter of 4th quarter of 
small intestine small intestine small intestine 
Time after Mean Mean Mean 
intubation No. of transit transit transit 
(hr) (%) S.E. (%) 8.E. (%) 8.E. 
1 12 78 +3-1 51 6-1 a 
2 9 89 +3-4 71 75 ll 
3 6 95 +16 86 3-9 28 +14 


TaBLE 4, Percentage of glucose absorbed at different levels in the small intestine 
1 hr after giving 400 mg glucose by stomach tube 


Mean % 
Intestinal No. of ucose 
segment i absorbed 8.E 
Ist half ll 64 +71 
3rd quarter 11 98 + 0-63 
4th quarter ll 98 +0-51 


TaBLe 5. Rate of glucose absorption expressed as a percentage of 
the administered dose absorbed after 1 and 2 hr 


Time after 
intubation No. of Mean 
(hr) animals (%) 
l 15 70 +41 
2 6 84 +58 


importance of making allowance for variations in gastric emptying when 
absorption rates are being studied. In our experiments, intestinal absorption 
of glucose was so rapid that differences between normal animals were attri- 
butable mainly to variations in gastric emptying time, to a lesser extent to 
variable gastric absorption of glucose and hardly at all to differences in 
intestinal absorption. The regression line of glucose absorption on gastric 
emptying crosses the X-axis at +9-83% (Fig. 2). This suggests that some 
10% of the administered glucose may be absorbed from the stomach in one 
hour, 

Gastric absorption of glucose. When 4 ml. of a 10% solution of glucose is 
introduced into the stomach, there is apparently progressive gastric absorp- 
tion of glucose, although the actual mass absorbed by this route cannot be 
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computed (Table 6). Among animals killed at the same time after intubation, 
the gastric absorption of glucose was usually found to be greater when gastric 
emptying was more complete, suggesting that there may be a maximum rate 
at which the stomach can absorb glucose. 

It is apparent that both the relation of absorption rate to gastric emptying 
and the gastric absorption index indicate absorption of glucose from the 
stomach under the conditions of these experiments. Other workers using 
marker techniques have found evidence of gastric absorption of glucose 
(Holtz & Schreiber, 1930; Freund & Steinhardt, 1931), but this has been 


Tasie 6, Gastric absorption index for glucose, calculated from 
the change in the ratio of glucose to phenol red 


Time after 
intubation No. of Mean 
(hr) animals index 
l 12 41 +43 
2 s 73 +7-2 
3 4 86 +3-1 


TaBLE 7, Gastric absorption of glucose in animals with the pylorus ligated 


Time after Glucose recovered 
intubation from stomach Glucose/phenol 
red ratio 


(hr) (mg) 
0 342 23-5 
(control rat) 
l 372 26-4 
2 378 24-7 
3 385 25-5 


denied by workers using animals in which the pylorus has been obstructed and 
glucose disappearance measured directly (Macleod, Magee & Purves, 1930, 
Maddock, Trimble & Carey, 1933). After ligation of the pylorus we too found 
that glucose was not absorbed from the stomach (Table 7), but we regard this 
as a highly unphysiological preparation since the stomach becomes greatly 
distended with fluid under these conditions, and the animals are in a state 
resembling the syndrome of acute dilatation of the stomach which is some- 


times seen in man. 
Absorption of iodide 

In calculating the absorption of iodide there were two sources of error which 
were not applicable in the case of glucose: 

(1) No allowance was made for absorbed iodide re-secreted into the 
stomach and small intestine. Fifteen to twenty per cent of a single tracer dose 
of 18] given intraperitoneally or intramuscularly to three normal rats was 
recovered from stomach and small intestine (most of it from stomach) after 
1 hr. This fraction and its distribution along the gastrointestinal tract appear 


to be fairly constant, so that a correction factor could be introduced if so 
desired. 
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(2) Separate analyses of intestinal washings and intestinal wall showed that 
small amounts of radioactivity could be recovered from the latter even after 
all the phenol red had been washed out. 

These two sources of error become formidable when absorption is calcu- 
lated for segments of intestine containing little phenol red; consequently, no 
reading has been included in Table 8, unless the amount of phenol red re- 
covered from the segment concerned was at least 5°, of the total amount 
given to the animal. 


TaBLeE 8. Percentage of iodide absorbed at different levels in the 
small intestine 1 hr after intubation 


Intestinal No. of Mean % iodide 

segment animals absorbed 8.E. 
Ist half ll 47 +3-5 
3rd quarter ll 86 +40 
4th quarter ll 93 + 0-63 


TaBLe 9. Rate of iodide absorption expressed as a percentage of the 
administered dose absorbed after varying intervals of time 


Time after 
intubation No. of Mean 
(hr) animals (%) 8.5. 
1 13 53 +3-2 
2 5 73 +5°7 
3 5 80 +3-1 


Intestinal absorption index for iodide. The percentage absorption of iodide 
was calculated for each segment of the small intestine as in the case of glucose. 
Intestinal absorption of iodide is shown to be slower than that of glucose 
under the conditions of these experiments, and it continues throughout the 
whole length of the small intestine. Since the percentage absorption of iodide 
is 90% or more in the distal quarter of the small intestine, it may be assumed 
that the amount of iodide passing into the caecum is negligible and that iodide 
is completely absorbed in the small intestine when given in small doses 
(Table 8), 

Rate of iodide absorption. As in the case of glucose there were considerable 
differences between animals (Table 9), but there was good correlation between 
absorption rate and gastric emptying (Fig. 3). In the twelve animals in which 
rates of glucose and iodide absorption were measured simultaneously, the 
absorption of glucose was more rapid in every case. The regression line of 
iodide absorption on gastric emptying crosses the X-axis at 5%, suggesting 
that a little iodide may be absorbed from the stomach. 

Gastric absorption of iodide. There was usually evidence that some iodide was 
absorbed from the stomach (Table 10), but in every animal it was less than the 
gastric absorption of glucose. In animals killed 3 hr after intubation, especially 
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if the gastric residue was small, the ratio of iodide to phenol red in the stomach 
was often abnormally high, suggesting that iodide secreted by the stomach 
produces a significant error under these conditions. 


80+ 
£ 
gob P 
5 
a 
0 i i L 
0 20 40 60 80 
Percentage iodide absorbed 


Fig. 3. Correlation of percentage gastric emptying after 1 hr and percentage of initial 
dose of iodide absorbed after 1 hr. (r =0-845; x = 5-03+ 0-828y.) 


TaBe 10. Gastric absorption index for iodide, calculated from 
the change in the ratio of iodide to phenol red 


Time after 
intubation No. of Mean 
animals index 8.E. 
10 14 +2-4 
2 7 23 
DISCUSSION 


There are already a number of methods available for studying absorption 
from the gastro-intestinal tract, but they all have certain limitations. Much 
information has been derived from the study of exteriorized loops and pouches, 
but these do not necessarily reflect the behaviour of the gastro-intestinal tract 
in normal continuity. Likewise, studies on isolated segments of intestine 
(Fisher & Parsons, 1949), while permitting more direct quantitative studies, 
cannot measure variations in the behaviour of the intestine as they occur in 
the intact, conscious animal. The serial measurement of blood concentrations 
of a substance administered by mouth is an indirect method influenced by 
many factors besides intestinal absorption. Balance studies can measure only 
the total net disappearance of a test substance between mouth and anus, 
which may be influenced by such factors as bacterial decomposition in the 
large intestine. Cori (1925) introduced a technique for measuring the rate of 
absorption of sugars in the intact animal by giving a sugar by stomach tube 
and then killing the animal and measuring the amount of sugar recovered from 


© 


t 
4 
é 
. 
« 
fi 


GASTRO-INTESTINAL ABSORPTION AND TRANSIT 461 


the gastro-intestinal tract. This method is open to the objections that varia- 
tions in gastric emptying and intestinal transit cannot be taken into account 
and the site of absorption cannot be determined. These difficulties can be 
overcome by our method. 

None of the methods hitherto available for the study of intestinal transit 
are entirely satisfactory. Inferences have been drawn from pressure changes 
in balloons and other recording devices introduced into the small intestine 
(Meschan & Quigley, 1938; Posey, Dearing, Saver, Bargen & Code, 1948), but 
pressure changes in the lumen of the bowel do not necessarily imply movement 
of contents, and the behaviour of the intestine may be disturbed by the 
presence of a distended balloon. Macht (1930) first studied propulsive motility 
in the small bowel by measuring the distance travelled by the head of a 
column of charcoal introduced into the stomach. This presumably bears some 
relation to the intestinal transit in the sense that the circulation time bears 
some relation to the cardiac output, but it is not a true measurement of mass 
movement and is probably also affected by variations in gastric emptying. 
Goodman ef al. (1952) have made some studies of intestinal transit using the 
dye T1824, but we have found a significant disappearance of this substance 
from the lumen of the bowel. Information has been obtained from barium 
meals, but the method is qualitative only, and inert substances may line the 
walls of stomach and intestine and behave differently from fluid chyme. 

The accuracy of our method is at present limited mainly by our inability to 
get quantitative recoveries of phenol red, which renders it unsuitable for the 
study of poorly absorbed substances. However, errors due to technical factors 
of this kind are small when compared to the great biological variations of the 
functions studied that were found among normal animals. The usefulness of 
the method is also limited by the need to kill the animal. The advantages of 
the method lie in the fact that the intact, conscious animal is studied, in the 
simplicity of the technique, and in the wide range of functions which can be 
measured simultaneously in the same animal. 

The absolute values obtained for the variables measured in this investiga- 
tion are perhaps of no great value in themselves. They are valid only for rats 
studied under the particular conditions of these experiments. The main use of 
the method will lie in the comparison of groups of animals studied under 
varying conditions. 

SUMMARY 

1. If a test solution of glucose and iodide is given to a rat, together with 
phenol red, which serves as a marker, it is possible to measure gastric empty- 
ing, intestinal transit and gastric and intestinal absorption of glucose and 
iodide simultaneously. 

2. The rate of gastric emptying varies greatly among normal animals, but 
is an exponential function of time. 
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3. Propulsive movement of small intestinal contents becomes progressively 
slower as the caecum is approached. 

4. Glucose is absorbed from the stomach of the normal rat, but gastric 
absorption of iodide is relatively slight. 

5. A dose of 400 mg of glucose is completely absorbed by the first half of the 
small intestine. 

6. A tracer dose of iodide is absorbed from the small intestine more slowly 
than glucose. Absorption continues throughout the length of the small 
intestine, but is apparently completed before the caecum is reached. 

7. Variations in the rate at which glucose and iodide are absorbed by normal 
animals are due mainly to different rates of gastric emptying. 

8. The advantages, limitations and possible applications of the technique 
are discussed. 

We are grateful to Miss Shirley Thomas and Mrs Beryl Godfrey for technical assistance, to 
Dr R. B. Fisher for advice at various stages of the investigation, and to Prof. L. J. Witts in whose 
department this work was done. 
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EFFECT OF ANAESTHETICS ON SYSTEMIC BARORECEPTORS 


By J. D. ROBERTSON,* A. A. B. SWAN anv D. WHITTERIDGE 
From the Physiology Department, University of Edinburgh 
(Received 30 August 1955) 


Ether or chloroform vapour inhaled in high concentration causes a sharp fall 
in blood pressure and a slowing of the heart rate. This has been shown in dogs, 
cats and rabbits (MacWilliam, 1890; Embley, 1902; Schafer & Scharlieb, 1904; 
Cattell, 1923). The mechanisms responsible for these effects have not been 
completely analysed. Chloroform and ether act directly on the heart, causing 
a rapid reduction in force of contraction and stroke volume (Sherrington & 
Sowton, 1904; Cattell, 1923), but there is also cardiac inhibition by increased 
vagal activity since slowing of the heart does not occur if the vagi have been 
cut (Embley, 1902). A reflex basis for this cardiac inhibition has not been 
demonstrated. Evidence on the contribution of vasomotor changes to the fall 
in blood pressure is conflicting, and there is no evidence that such changes as 
do occur are reflexly produced. 
_ From observations on the effects of stimulating the carotid sinus region 
mechanically during chloroform anaesthesia, Hering (1927) suggested that in 
some stages of anaesthesia the sensitivity of the afferent mechanism of the 
reflex might be increased. Volatile anaesthetics are known to increase the 
sensitivity of pulmonary stretch receptors (Whitteridge & Biilbring, 1944), 
and the present studies were therefore undertaken to discover whether they 
have similar effects on carotid sinus and aortic baroreceptors. A preliminary 
account of this investigation has been published (Robertson, Swan & 
Whitteridge, 1955). 
METHODS 
Cats were used in these experiments, and the effects to be described were demonstrated in five 
experiments which were technically satisfactory. Anaesthesia was induced by ethyl chloride and 
ether, and maintained by chloralose 80 mg/kg given intravenously in asingle injection. A tracheal 
tube was inserted at the beginning of the experiment. The technique employed to record activity in 
single units from the right aortic depressor or right carotid sinus nerves was similar to that described 
by Whitteridge (1948). Single unit preparations were obtained by dissecting the nerves with sharp 
razor-blade knives. A binocular microscope, giving a magnification of x 10, was used in the later 
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stages of dissection. The fine nerve strand containing the single active unit was laid on silver silver- 
chloride electrodes under paraffin at 38° C, and a conventional resistance-capacity coupled ampli - 
fier and cathode-ray tube was used to record impulse activity. The arterial blood pressure was 
registered by capacitance manometer using a circuit designed by Alexander (1951). The mano. 
meter was calibrated against a mercury manometer at frequent intervals during an experiment. 
Photographic records were made of impulse activity, together with blood pressure, the e.c.g. and a 
time-marker. In one experiment activity in a single unit from the left carotid sinus was recorded 
from the central end of the left aortic depressor nerve as described by Holmes (1954). 

In four experiments the right carotid sinus was perfused while activity in a single unit of the 
sinus nerve was recorded, and effects were observed in two experiments where an adequate stimu- 
lus was used. The animal’s own blood was used for perfusion and was led by polythene tubing from 
the femoral artery to a small pressure-reducing valve, similar to that described by Vane (1953). 
This was connected to the inlet of a small pump designed to have a low capacity and to avoid accu- 
mulation of stagnant blood. The total capacity of reducing valve, pump and connexion was 15 ml. 
The method of preparing the sinus for perfusion was similar to that described by Ead, Green & 
Neil (1952). The sinus was perfused through a polythene cannula in the common carotid artery, 
and all branches from the sinus were tied off except the external carotid: the superior thyroid 
artery and ramus musculus dorsalis from the common carotid were tied but left uncut, and helped 
to prevent the sinus from being pulled on by the cannula in the common carotid. Blood was led 
from the sinus by a polythene cannula in the external carotid, and pressures were recorded by 
capacitance manometer at a T-junction close to the sinus. From this T-junction, soft alkathene 
tubing returned the blood to the left external jugular vein, and peripheral resistance distal to the 
point where pressure was recorded was provided by a screw-clip on this tubing. The animals in these 
experiments were given heparin 1000 units/kg before perfusion was begun. 

In the earlier experiments the animal breathed through light respiratory valves attached to 
the tracheal tube, and volatile anaesthetics were given from a draw-over bottle connected 
to the inspiratory valve inlet. In later experiments the animal was artificially ventilated by 
a Starling Ideal pump, and known concentrations of anaesthetic given by connecting an Oxford 
Vaporizer to the inlet of the pump. The Oxford Vaporizer was specially calibrated for use 
with cate. 

To study the behaviour of single unita before and during exposure to anaesthetic, the peak 
frequency of discharge in a cardiac cycle was plotted against the peak of the pressure pulse in the 
same cycle. The peak frequency was calculated as the reciprocal of the mean of the three shortest 
time intervals between impulses in a single cycle. To record activity in a single unit over a range of 
pressure in the intact animal, the systemic pressure was lowered by brief inflation of the lungs and 
records taken as the pressure recovered after this manoeuvre. 


RESULTS 


In the single unit from the right aortic depressor nerve shown in Fig. 1A, 
there was a linear relation between peak frequency of discharge and peak 
systolic pressure over a range of pressure from 120 to 140 mm Hg. After the 
animal had inhaled ether from a draw-over bottle for 2 min, the same peak 
frequency of discharge occurred at a lower pressure than during the contro! 
period (Fig. 2). The concentration of ether vapour inhaled from a draw-over 
bottle in this way was probably between 10 and 15% (v/v). A frequency of 
70 impulses/sec, which corresponded to a peak systolic pressure of 120 mm Hg 
before exposure, now occurred at a pressure of 102 mm Hg. With ether, activity 
in the unit was recorded over a lower range of peak pressure than during the 
control period, but the range of peak pressure was not low enough to determine 
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whether the threshold pressure at which discharge began was lower during 
exposure to this anaesthetic. 

Chloroform (Fig. 3) and trichlorethylene also caused an increased frequency 
of discharge in this unit. After the animal had inhaled chloroform for 2 min, a 
peak frequency of 70 impulses/sec occurred at a peak systolic pressure of 95 
mm Hg compared with a peak systolic pressure of 122 mm Hg during the 
control period. With chloroform and also with trichlorethylene the increase in 
frequency for a given peak pressure increment was less at higher pressures. 


150 [ 
Fig. 1. (A) Single unitof the aorticdepressor nerve. From above downwards, time in 75 and yz} sec; 

the e.c.g.; aortic depressor fibre; arterial pressure. (B) Activity in a single baroreceptor unit 
of the right carotid sinus nerve from a perfused sinus. From above downwards, time in #5 and 
rs sec; carotid sinus fibre; the e.c.g.; intrasinus pressure. (C) Single baroreceptor unit from 
the right carotid sinus nerve in an animal with intact circulation through sinus. From above 
downwards, time in 75 and ;}5 sec; carotid sinus fibre (spikes retouched); the e.c.g. ; arterial 
pressure. 


The concentrations of chloroform and trichlorethylene vapour in the inspired 
air were probably in the range 2-4% (v/v). In pulmonary stretch receptors 
Whitteridge & Biilbring (1944) found that prolonged exposure to volatile anaes- 
thetics resulted in a progressive decrease in the maximum frequency of response 
followed by complete failure of the ending to respond to inflation of the lungs. 
Chloroform caused this effect most rapidly; a concentration of 4% (v/v) pro- 
duced some reduction of the maximum frequency of response with 10 sec of 


“we Trichlorethylene, while less rapid than chloroform, caused a reduc- 
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tion in maximum frequency of response in a concentration of 3-4%, (v/v) 
within 70 sec of exposure. In these experiments the baroreceptors were exposed 
to anaesthetic for periods of 2 min, and it is probable that the smaller increases 
in frequency at higher pressures seen during exposure to chloroform and 
trichlorethylene indicate a similar effect of the anaesthetics in reducing the 
maximum frequency of response of the unit. With the baroreceptors, as with 
pulmonary stretch receptors, this effect was seen earliest with chloroform and 
trichlorethylene; and with ether was only seen after longer exposure to much 
higher concentrations (Fig. 5). 
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Fig. 2. Fig. 3. 
Fig. 2. Effect of ether on the activity of a single unit of the aortic depressor nerve. ©, control 
observations; @, observation after the animal had inhaled ether vapour for 2 min. 


Fig. 3. Effect of chloroform on the activity of the same unit of the aortic depressor nerve as 
in Fig. 2. O, control observations; @, observations after the animal had inhaled chloroform 
vapour for 2 min. 


During exposure to trichlorethylene of the unit of the aortic depressor nerve 
shown in Fig. 1A, discharge began at a lower pressure than during the control 
period, indicating a lowering in the threshold of the ending. There was no 
change in the behaviour of this unit after the animal had inhaled 30% cyclo- 
propane in oxygen for 2 min from a bag connected to the inspiratory inlet 
(Fig. 4): and 80% nitrous oxide in oxygen given in the same way for 2 min was 
also without effect. 

Changes in intrathoracic pressure, by altering the effective pressure on the 
aortic endings, may alter the relation between peak frequency of discharge and 
systolic pressure in units of the aortic depressor nerve, and mechanical changes 
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at the root of the lung may also affect the behaviour of the endings (Whitteridge, 
1948). Since the volatile anaesthetics may all produce changes in the pattern 
of respiratory movements in animals breathing spontaneously, alterations in 
intrathoracic pressure and mechanical changes cannot be excluded as factors 
responsible for the altered behaviour of aortic endings observed during exposure 
to anaesthetics. 
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Fig. 4. Fig. 5. 


Fig. 4. Activity in unit of aortic depressor nerve during exposure to 30% (v/v) cyclopropane. 
©, control observations. @, observations after the animal had inhaled 30% (v/v) cyclo- 
propane in oxygen for 2 min (same unit as shown in Figs. 2 and 3). 


Fig. 5. Effect of 20% (v/v) ether vapour on single unit of the carotid sinus nerve. Animal 
artificially ventilated by Starling Ideal pump. Ether vapour given from Oxford vaporizer. 
©, eontrol observations; @, after administration of 20% (v/v) ether vapour for 30 sec; 
©, after administration of 20% (v/v) ether vapour for 14 min.; A, after administration of 
20% (v/v) ether vapour for 44 min. 


These factors can, however, be excluded when activity in units from the 
carotid sinus is observed while ventilating the animal artificially by pump. 
When the animal was ventilated with air containing 20% ether (Fig. 5), there 
was an increase in the activity of the endings within 1 min from the beginning of 
exposure and a frequency of 120 impulses/sec which corresponded to a peak 
systolic pressure of 185 mm Hg during the control period now occurred at a 
pressure of 120mm Hg. After 14 min exposure this frequency of discharge 
was found at a still lower peak systolic pressure, 110 mm Hg. After 44 min 
exposure the peak frequency corresponding to this peak systolic pressure of 


30-2 


5 
a 
2 
; 


468 J. D. ROBERTSON AND OTHERS 


Landgren (1952a) has shown that in carotid sinus baroreceptors the 
frequency of the unadapted discharge, which has been the frequency measured 
in the present studies, depends on the rate at which the pressure rises as well as 
the final level reached. Large differences in rate of rise were required, however, 
to show this effect in the unit for which he gives data. At a final pressure level 
of 100 mm Hg, the rate of rise to this level had to be increased to 10 times its 
previous value to double the frequency of the unadapted discharge. In these 
experiments on animals with intact circulation, where activity was recorded in 
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Fig. 6. Effect of ether on single unit of the carotid sinus nerve from a perfused sinus. Pump rate 
and peak pressure constant (55 mm Hg). Plotted points are means of peak frequencies in 
four successive pump cycles at each period. Vertical lines through the points indicate the 
range of peak frequencies for each mean value. Horizontal black bar indicates period during 
which animal inhaled ether vapour from a draw-over bottle. 


baroreceptor units, exposure to anaesthetic produced changes in heart rate or 
pulse pressure or both together. Reliable information about the maximum 
rate of rise of pressure in a pressure-pulse cannot be inferred from measure- 
ments of heart rate and pulse-pressure, but the size of the differences in these 
measurements between controls and observations during exposure to anaes- 
thetic made it unlikely that there were large differences in rate of rise of 
pressure. 

By perfusing the carotid sinus, however, pulse-pressure, mean pressure and 
the rate of the pump could be kept constant while recording activity in a 
baroreceptor unit from the sinus, and in this way changes in rate of rise of 
pressure could be excluded as a cause of the increased discharge seen in the 
presence of a volatile anaesthetic. In the unit shown (Fig. 6) the peak pressure 
was constant at 55 mm Hg and the peak frequency of discharge corresponding 
to this varied between 136 and 139 impulses/sec. After the animal had inhaled 
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_ ether from a draw-over bottle for 2} min, the discharge frequency increased and 


a maximum frequency of 170 impulses/sec, a 25° increase, was reached 7 min 
from the beginning of ether inhalation. The impulse frequency did not return 
to the control level until 17 min from the start of inhalation. Chloroform 
given in the same way had a smaller but more rapid effect, and the maximum 
increase in frequency (16°) was seen at the end of the period of inhalation. 


DISCUSSION 

These experiments show that exposure to volatile anaesthetics results in an 
increased activity of baroreceptors. In strands dissected from the carotid 
sinus nerve, von Kuler, Liljestrand & Zotterman (1941) found that there were 
often large differences in amplitude of action potential between baroreceptor 
units, when several were active together in the same nerve-strand. Units with 
large action potentials are easiest to isolate in the carotid sinus nerve since they 
apparently survive dissection best, and it has been assumed that they are the 
fibres of largest diameter in the nerve (Landgren, 1952a). In the present 
experiments single units with the largest amplitude of action-potential were 
isolated on all occasions, and, although Paintal (1953) has shown by measure- 
ment of conduction velocities that spike height alone is not a reliable criterion 
of fibre size when action potentials are recorded in fine nerve-strands, it is prob- 
able that all the units studied were fibres of large diameter. 

Contraction of the smooth muscle of the carotid sinus, produced by adrena- 
line applied directly to the wall (Heymans & van den Heuvel-Heymans, 1950; 
Landgren, Neil & Zotterman, 1952; Landgren, 19526; Witzleb, 1953) or by 
stimulation of the sympathetic nerve supply from the superior cervical ganglion 
(Palme, 1943; Kezdi, 1954), results in increased baroreceptor activity. But 
only Landgren has attempted to correlate changes in the distensibility of the 
sinus with changes in the behaviour of single large baroreceptor units. After 
adrenaline he found that the sinus was less distensible at low pressures (below 
60 mm Hg) though more distensible at high pressures. ‘If the large barorecep- 
tor spikes are assumed to be elicited from stretch receptors acting in parallel 
with the contractile elements of the sinus wall, they must be expected to show 
a lower frequency after adrenaline application when stimulated by a pressure 
rise from 0mm Hg. This‘is indeed the case...’ (Landgren, 19526). In our 
experiments in the perfused sinus, where the pressure was raised by each pump 
stroke from 0 to 55 mm Hg, exposure to anaesthetic resulted, on the contrary, 
in an increased baroreceptor discharge (Fig. 6). We conclude, therefore, that 
in these experiments at least there is no reason to believe that contraction of 
the arterial wall plays any part in the production of this sensitization. In the 
intact animal, conditions are so much more complex that we are unable to 
offer a reliable interpretation of the very large observed increase in discharge 
with anaesthetics. 


‘ 
> 


470 J. D. ROBERTSON AND OTHERS 


Liljestrand (1953) and Landgren, Liljestrand & Zotterman (1953), recording 
activity in multifibre strands of the carotid sinus nerve in cats, found that 
ether and chloroform, as well as ethyl alcohol and a number of related sub- 
stances given by intracarotid injection in Ringer’s solution, reduced or 
abolished the activity in baroreceptor fibres while stimulating chemoreceptor 
activity. With this method it is not possible to estimate the concentration of 
substance reaching the carotid sinus receptors during the brief period of its 
maximum effect, but it is likely that this was many times greater than the 
blood concentrations achieved in our experiments where the anaesthetic was 
given by inhalation, for the concentrations of ether and chloroform in the fluids 
injected were 2:8 and 0-5% (w/v) respectively. This difference between the 
results of Landgren et al. (1953) and our own is most probably due to the 
different concentrations of anaesthetics used in the two sets of experiments, for 
in perfusion experiments the reflex effects of increased intrasinus pressure were 
abolished when the sinus was perfused with Ringer’s solution containing ether 
in a concentration of 0-3-0-4% (w/v) (Robertson & Swan, unpublished). 

The increase in baroreceptor discharge during exposure to anaesthetics would 
have corresponded to an increase in blood pressure of 30-45°% and came on 
rapidly, within 30 sec of exposure. It is probable, therefore, both from the size 
of the effects and their rapidity of onset, that in the intact animal, where all 
the baroreceptors are simultaneously affected, sensitization of baroreceptors 
is the principal afferent mechanism responsible for the reflex slowing of the 
heart observed with chloroform by Embley (1902) and with ether in sympath- 
ectomized dogs by McAllister & Root (1941). Harris (1939) has shown that in 
rabbits stimulation of the nasopharynx alone with ether vapour will produce 
a reflex slowing of the heart, but this and the accompanying fall in blood 
pressure are small in comparison with the effects of sudden inhalation in the cat 
and dog. McAllister & Root (1941) attributed the reduction in heart rate and 
the fall in blood pressure which they observed in response to ether inhalation 
in dogs with both carotid sinuses denervated to a reflex from the nasopharynx, 


but in none of their experiments in which a fall in blood pressure was observed — 


were all the baroreceptors eliminated. 

Reflex vasodilation from increased activity of baroreceptors must also contri- 
bute to the fall in blood pressure, but the vasomotor effects of the volatile 
anaesthetics are complex. Bhatia & Burn (1933) found that ether in decere- 
brate and spinal cats produced a stimulation of the sympathetic nervous system 
in the absence of the adrenals, resulting in an increased heart rate and in 
splenic contraction. Cattel (1923) had shown earlier that the rate at which 
ether was given to cats under basal chloralose anaesthesia determined whether 
or not a fall in blood pressure occurred, and Root & McAllister (1941) found that 
in conscious dogs, where the rate of administration of ether was necessarily 
more limited, a fall in blood pressure only occurred in sympathectomized 
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animals or in chronic spinal animals with transection at the level of 7, or 
above. In normal dogs and in chronic spinal animals with the level of section 
below 7';5, although there was a rise in blood pressure on inhalation of ether, 
there was also a reduction in heart rate, which in the light of the present work 
may well have been the reflex effect of an increased sensitivity of baro- 
receptors. 

The varying initial effects of volatile anaesthetics on the blood pressure in 
intact animals may therefore depend on the relative rates at which sensitization 
of baroreceptors and stimulation of the sympathetic nervous system develop. 
With sudden exposures to high concentrations of anaesthetic, sensitization of 
baroreceptors apparently exerts its effect before sympathetic stimulation 
occurs. It is probable, therefore, that in the intact animal the effects of sensi- 
tization of baroreceptors are most important during the early stages of induc- 
tion of anaesthesia. } 

SUMMARY 

1, Inhalation of ether, chloroform or trichlorethylene results in an increase 
in sensitivity of carotid sinus and aortic baroreceptors. Cyclopropane does 
not produce this effect. 

2. The effect has been observed in single units from the perfused carotid 
sinus where mechanical factors, such as changes in the form of the pressure- 
pulse wave, can be excluded. 

3. Receptors in the perfused carotid sinus show an increased discharge in 
conditions in which contraction of smooth muscle of the arterial wall has been 
shown by others to decrease the discharge. : 

4. The role of sensitization of baroreceptors in the vasomotor response of the 
intact animal during induction of anaesthesia with volatile anaesthetics is 
discussed. 

We wish to thank the Association of Anaesthetists of Great Britain and Ireland for a grant to 
one of us (J.D.R.) for the conversion of the Oxford Vaporizer used in these experiments. The 


vaporizer wae calibrated by Dr H. Epstein of the Nuffield Dept. of Anaesthetics, Oxford. We 
are grateful to Mr W. T. 8. Austin for much technical help. 
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THE EFFECT OF DENERVATION ON THE RATE OF ENTRY 
OF POTASSIUM INTO FROG MUSCLE 


By E. J. HARRIS* anp J. G. NICHOLLS 
From the Department of Biophysics, University College, London 


(Received 2 September 1955) 


The membrane resistance of frog muscle is increased by denervation (Nicholls, 
1956). This suggests that there is a concomitant decrease in the conductance 
of the membrane and its permeability to ions, notably to K ions. It has, 
however, been reported that the uptake of tracer by denervated rat muscle is 
greater than normal (Lyman, 1942). Experiments have therefore been made 
to compare the permeabilities of denervated and normal frog muscle. Muscles 
are soaked in a saline solution containing a proportion of tracer K (*K); the 
uptake of tracer in the first few hours (when the intracellular concentration of 
“K is low) depends on the permeability and surface area of the membrane. 
The ratio, surface area of membrane to cell volume, might be altered in 
denervated muscle if atrophy occurred; atrophy has therefore been assessed 
by measuring the loss of weight of denervated muscles. The intracellular 
concentrations of K+ have also been measured. 


METHODS 
The methods for measuring the uptake of “*K were as described by Harris 
(1952 and 1953). Pairs of denervated and normal frog sartorii were used. The 
period of denervation was for at least 22 days, by which time stimulation of 
the nerve no longer produced any effect but the muscle was hyperexcitable to 
acetylcholine (Nicholls, 1956). The muscles were analysed for K by flame 
photometry. 

RESULTS 
The uptake of tracer K by denervated muscle was less than normal in all six 
experiments. The results of a typical experiment are shown in Fig. 1, in which 
the amount of “K entering the muscle from the outside solution is plotted 
against time. After soaking for half an hour the denervated muscle has taken 
up about 30 % less than the normal (1-2 .-equiv compared with 1-7 u-equiv). 

* In receipt of a grant for scientific assistance from the Medical Research Council. 
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Even after 4 hr the percentage difference is still of the same order. The mean 
uptake of K per g tissue was decreased by 23% during the first hour in 
denervated muscles (Table 1). The decrease in uptake is clearly not due to 


@ Denervated 
© Normal 


i i i 
0 sitahs 2 3 4 5 
Hours 


Fig. 1. Uptake of “*K in y-equiv (ordinates) by normal and denervated (47 days) muscle: 
plotted against time in hours (abscissae). 


TaB_z 1. The uptake of “*K by normal (N) and denervated (D) sartorius muscles. The uptake is 
measured in u-equiv/g muscle during the first and second hours of exposure to “K. The total 
K content of the muscle, where measured, is given in the last column; the average weight of 


D compared to N was 96%. 
K entering between 
“0-1 hr 1-2 hr 5 Total K Muscle 
(u-equiv/g) (u-equiv/g) p-equiv wt. mg 

D N D (%) N D (%) N D N D 
46 8-26 6-23 73 655 427 65 360 354 52 #458 
47 680 540 80 545 415 76 — 370 41 44 
47 5-70 3-60 63 430 3-10 72 33606 
22 615 470 76 450 3-30 78 250 246 49 47 
34 11:30 9650 84 865 7:30 85 404 428 45 £45 
34 920 8 7-95 86 704 5-86 83 1-70 37 28 


atrophy; in these denervated muscles the atrophy was only noticeable in one 

- case. The intracellular K content, compared in four experiments, was apparently 
unaltered (Table 1). The figures for “K uptake over a time interval in the 
normal muscle agree well with the earlier results of Harris (1953). 
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DISCUSSION 
The rate of uptake of “K per gram of tissue is reduced in denervated muscle. 
In the first few hours the intracellular concentration of “*K is low, so the 
uptake of “K depends only on the permeability and surface area of the 
membrane. There was little atrophy of these muscles, and there is no reason to 
expect any alteration in the surface area of membrane per gram of tissue. The 
diminished uptake is therefore indicative of a reduced permeability to K. This 
result is what would be expected if membrane conductivity is mainly deter- 
mined by the K permeability, because it has been.shown that the membrane 
resistance is increased in denervated muscle (Nicholls, 1956). 

It is perhaps relevant to ask whether the inward **K movement is a good 
measure of the permeability. This question arises because the fact that the 
concentration ratio K (inside)/K (outside) is generally in excess of the ratio 
corresponding to the resting potential; so that some force additional to the 
electrical field must play a part in K entry. Operation of a chemical trans- 
porting mechanism can give rise to a flux which is independent of the electrical 
p.d., so that this flux does not contribute to the membrane conductivity. For 
an obvious example it appears that the Na movement from the muscle cell in 
the resting state does not contribute to the conductance. However, in the case 
of K ions we can say that more than half the influx can be expected to be 
‘passive’, i.e. not potentiated by a chemical process. Furthermore, if we take 
into account the fact that the K contents of control and denervated specimens 
in Table 1 where measured were nearly the same, it follows that the K effluxes 
must have been in proportion to the respective influxes: that is, the difference 
we observed should also apply to efflux, for which no active chemical transport 
is in question. 

The observation by Lyman (1942) that the tracer uptake into denervated 
rat muscle is higher than into the control, can perhaps be explained by the 
very short times of exposure to the tracer (less than 8 min); any difference in 
extracellular space would play a predominant part in determining the amount 
of tracer taken up. In fact, when the exposure was increased to 4 hr in two of 
Lyman’s experiments, the denervated muscles showed a smaller uptake than 
the controls. As, however, rat muscle reacts much more rapidly to denervation 
than does frog muscle it may not be justifiable to expect similar results from 
the two tissues. An experiment made on a normal and denervated pair in 


_ which the Na efflux was observed did not reveal any difference in behaviour. 


SUMMARY 
The permeability of the membrane to K ions has been compared in denervated 
and normal frog muscles using “°K as a tracer ion. Denervated muscle takes 
up 23% less K per gram tissue from the outside solution during the first hour. 
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Since the surface area of membrane was unchanged in these denervated 
muscles, this is indicative of a reduction in the membrane permeability. The 
K content was unchanged. 
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THE RELEASE OF ACETYLCHOLINE FROM PERFUSED 
SYMPATHETIC GANGLIA AND SKELETAL MUSCLES 


By N. EMMELIN* anp F. C. MACINTOSHt 
From the National Institute for Medical Research, Hampstead 


(Received 6 September 1955) 


The theory that acetylcholine (ACh) is the transmitter at ganglionic and 
neuromuscular junctions was originally based on evidence derived from per- 
fusion experiments. When a sympathetic ganglion was perfused, ACh was 
found in the effluent only when the preganglionic nerve fibres had been 
stimulated (Feldberg & Gaddum, 1934; Feldberg & Vartiainen, 1934); and 
when a voluntary muscle (deprived of its vasodilator innervation) was per- 
fused, ACh was found in the effluent only when the motor nerve fibres had been 
stimulated (Dale, Feldberg & Vogt, 1936). In these investigations the perfu- 
sion fluid was ordinary Locke’s solution, to which eserine had been added in 
order to prevent the enzymic hydrolysis of ACh. The structures under study 
were thus exposed to an abnormal environment and they showed sign of 
abnormal function: for example, the perfused tissues rapidly became oedema- 
tous, transmission failed prematurely in ganglia subjected to repetitive 
preganglionic stimulation, and voluntary muscles progressively lost their 
contractile power. It has even been suggested (Fleisch, Sibul & Kaelin, 1936; 
Lorente de Né, 1938; Nachmansohn, 1946) that the release of ACh in such 
perfusion experiments is unphysiological, and may be regarded as evidence 
that the perfused tissues have suffered damage. 

Attempts have indeed been made to demonstrate the liberation of ACh, 
both in ganglia and in muscle, when the circulatory conditions were more 
nearly normal, Thus Feldberg & Vartiainen (1934) reported one experiment in 
which they isolated the superior cervical ganglion of a cat as for perfusion, but 
allowed it to retain its natural blood supply. They gave the cat a large dose of 
eserine, and could then observe that when the preganglionic trunk was stimu- 
lated, ACh appeared in the blood leaving the ganglion in about the same 
concentration as they had found in their earlier experiments, in which the 
ganglion was perfused with Locke’s solution. The flow of blood through the 
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ganglion must, however, have been much slower than the flow of Locke’s 
solution, because of the higher viscosity and the lowering of the arterial 
pressure by eserine; and the quantity of ACh collected must therefore have 
been much below that obtained during perfusion. Lorente de Né (1938), who 
carried out similar experiments, found that ACh was released during stimula- 
tion only when there was evidence of tissue damage, or reason to suspect it; 
when he took elaborate precautions to keep the ganglion in good condition, no 
ACh entered the blood. Finally, MacIntosh (1938) was unable to detect more 
than a trace of ACh in the blood leaving a stimulated ganglion, although when 
he used blood diluted tenfold with Locke’s solution, he found ACh to be 
released in the same quantity as when he perfused the ganglion with Locke’s 
solution alone. 

Similarly, Dale et al. (1936), in their experiments on voluntary muscle, were 
only able to detect the release of ACh by motor-nerve stimulation when they 
tested the effluent from a muscle perfused with Locke’s solution; when they 
examined the venous blood from a muscle whose arterial supply was intact, 
their results were always negative. Feldberg (1933) had previously reported 
that ACh appeared in the venous blood of the tongue when he stimulated the 
vasodilator fibres running in the lingual nerve, but not when he stimulated the 
hypoglossal nerve; and Fleisch et al. (1936) had found the ACh content of 
venous blood from the hindlimbs to be unaffected by stimulation of the motor 
nerves. In all these negative experiments eserine, often in very large dosage, 
had been given to the animal. 

In these experiments, then, the release of ACh in substantial quantity by 
preganglionic or motor nerve stimulation occurred regularly when the tissue 
was perfused with Locke’s solution, irregularly or not at all when it retained 
its natural blood supply. Several possible explanations for this discrepancy 
have been suggested by the authors cited above. It might be that in the whole 
animal the amount of eserine, needed to inhibit effectively the cholinesterase 
of the blood and tissues, is greater than would be expected from the minute 
amounts which suffice when an artificial perfusion fluid is used. Or there 
might be, during a saline perfusion, some failure of oxygenation or some 
increase of permeability above the normal, which would facilitate the escape 
of ACh from the synaptic regions. Thus under physiological conditions ACh 
might be removed by some eserine-resistant mechanism linked to oxidative 
metabolism, for instance by resynthesis to a ‘precursor’ (MacIntosh, 1938; 
Kecles, 1944). A further possibility that occurred to us was that ACh might 
only be released under conditions of abnormal alkalinity. The perfusion fluid 
generally used for demonstrating the release by the above-named authors and 
others (Barsoum, Gaddum & Khayyal, 1934; Brown & Feldberg, 1936a, b; 
Lorente de Né, 1938; Kahlson & MacIntosh, 1939; Harvey & MacIntosh, 
1940; Paton & Zaimis, 1951; Perry, 1953) was Locke’s original (1901) solution 
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containing NaHCO, as its only buffer, and so having a pH of about 8-5. The 
oxygenated diluted blood used by MacIntosh (1938) had about the same pH. 

The experiments described below were intended to test the significance of 
these various departures from normality for permitting the release of ACh to be 
detected. They were done several years ago, and a preliminary note was 
published at that time (Emmelin & MacIntosh, 1948). 


METHODS 


Cats anaesthetized with chloralose were used in all the experiments. The superior cervical ganglion 
was perfused by the method of Kibjakow (1933), essentially as described by Feldberg & Gaddum 
(1934). The main postganglionic bundle was left intact, and the contractions of the nictitating 
membrane of the same side were recorded so as to provide an index of the effectiveness of pre- 
ganglionic stimulation. The stimuli used were supramaximal induction shocks timed by a thyra- 
tron circuit and delivered through shielded silver electrodes: the frequency varied in different 
experiments between 16 and 26 per sec. Oscillographic records, for which we are indebted to 
Dr J. A. B. Gray, showed that the shocks were too brief to fire the nerve fibres repetitively. The 
perfusion fluid was delivered from a constant-pressure reservoir or from a pump: it seemed not to 
matter whether the pressure was steady or pulsatile. The pressure was usually between 80 and 
120 mm Hg at first, and was raised if the flow slackened greatly ; for defibrinated blood the pressure 
was about twice as high, but even so the rate of flow was much slower than with Locke’s solution 
or plasma. The fluid was warmed either by exposing the whole perfusion system to radiant heat, 
or by means of an electrically heated wire spiral surrounding the arterial cannula, or by passing 
the tubing which led to the cannula up the cat’s oesophagus from abdomen to neck. The tempera- 
ture of the fluid was measured with the aid of a thermocouple junction placed within the tip of the 
arterial cannula; it was usually 38 +1° C. 

The muscle chosen for perfusion was tibialis anticus. Its arterial and nerve supplies were 
isolated as described by Brown (1938); the sciatic nerve was laid on shielded electrodes; a bulldog 
clip was placed on the tibial artery below its branches to the muscle, and a cannula pointing 
centrally was inserted below the clip. The muscle near its origin was then divided by blunt dissec- 
tion into four or five bundles, each of which was secured by a ligature and then freed from its 
tibial attachment. The vein draining tibialis anticus was thus exposed and was freed for cannula- 
tion. The muscle was then attached to the limb only by its nerve and blood vessels. The clip on 
the artery was now removed and reapplied above the branches supplying the muscle, and per- 
fusion begun through the cannula previously inserted lower down. Lastly the vein was cannulated, 
the muscle was covered with skin flaps, and collection of the venous fluid was begun. The perfusion 
temperature was 38+1° C, and either a pulsating or a steady pressure was used. We found it 
convenient to heparinize the animal when the dissection was completed: the perfusion could then 
be stopped at will, and the natural circulation restored, by moving the clip on the artery to its 
initial position. This procedure quickly improved the contractile power of the muscle when it had 
declined as the result of prolonged stimulation in the absence of the normal blood supply. 

The venous effluent from ganglion or muscle was collected in ice-cooled vessels, and its activity 
was matched as soon as possible against that of known dilutions of ACh chloride on the cat’s 
blood pressure, as described by MacIntosh & Perry (1950). Some samples of plasma and blood used 
for perfusion had a little pressor or depressor activity, but this was never great enough to interfere 
seriously with the assay. 

The identification as ACh of the depressor substance released on stimulation of preganglionic 
and motor nerves has been made, on sufficient grounds, by earlier workers. We satisfied ourselves 
in each experiment that the depressor activity attributed to ACh was lost after atropine, but did 
not think it necessary to make further tests of its identity as a matter of routine. The following 
observations made in certain experiments confirmed the belief that it was ACh: (1) assay against 
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ACh on the eserinized leech preparation gave values in agreement with those found in the blood- 
pressure test; (2) brief exposure to 0-1 s-NAOH at 100° C destroyed the activity ; (3) no activity 
could be detected unless eserine or another anticholinesterase drug had been added in adequate 
proportion to the perfusion fluid. 

Choline in the ganglionic effluent was estimated as ACh after acetylation. Like earlier workers 
(Roman, 1930) we observed that prolonged heating of choline-containing residues, after desicca- 
tion, led to large evaporation losses. Thereafter, 1 ml. portions of effluent were dried in ampoules 
in a water-bath at 70-80° C; a stream of air was blown into each ampoule to speed the drying, 
which was stopped as soon as no visible moisture was left in the residue. 1 ml. of acetylcholine was 
then added, and the ampoule was sealed and placed for 15 min in a boiling water-bath. It was 
then cooled and opened, acetyl chloride was removed by blowing a stream of dry air into the 
ampoule, and water was added to restore the initial volume. When smal] quantities of choline 
chloride in Locke’s solution were treated in this way, ACh was found in theoretical yield (1-30 g 
ACh chloride per g of choline chloride). 


RESULTS 
Experiments on the superior cervical ganglion 

Perfusion with saline solution of different pH. Two perfusion fluids were used, 
Locke’s solution of the original formula (1901), as employed in most of the 
earlier studies on the perfused ganglion (‘bicarbonate-Locke’), and a solution 
of the same tonicity containing phosphate buffer at pH 7-4 instead of bicar- 
bonate (‘phosphate-Locke’). Each solution contained per 1.: NaCl 9g, 
KCl 0-42 g, CaCl, 0-24 g, glucose 1g. In addition, the bicarbonate-Locke 
contained 0-5 g/l. NaHCO,, and its pH when oxygenated varied in different 
experiments between 8-47 and 8-58 (glass electrode at 16° C). The phosphate- 
Locke was 0-006 m in respect to sodium phosphate and its pH was between 
7-39 and 7-46. Each solution contained eserine sulphate 5 x 10-* g/ml. Phos- 
phate rather than CO,-bicarbonate buffering was used for the less alkaline 
fluid, because a rather complicated set-up would have been needed to maintain 
the correct CO, tension of the warmed perfusion fluid. 

A standard procedure was adopted. The perfusion having been established, 
and the last trace of blood washed from the system, samples of the effluent 
were collected over consecutive 5 min periods. Preganglionic stimulation was 
applied for the first 3 min of some periods, the remaining 2 min being allowed 
for the washing out by the perfusion stream of ACh released during the stimula- 
tion. Each such period was preceded and followed by a control period, during 
which no stimulation was applied. The rate of perfusion always fell off during 
the experiment, but generally remained satisfactory long enough for two or 
three periods of stimulation. 

In three experiments both ganglia were perfused, one with bicarbonate- 
Locke and one with phosphate-Locke; in the others only one ganglion and one 
solution were used. The choice of perfusion fluid made no apparent difference 
to the appearance of the perfused tissue or to the effectiveness of preganglionic 
stimulation. With either fluid, ACh was always found in measurable concen- 
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tration in samples of perfusate collected during periods of stimulation; but it 
appeared only in traces, or not at all, in the control samples. Table 1 summarizes 
the results. The ACh output is expressed as the weight in pg (g x 10-1*) of ACh 
chloride liberated per single maximal stimulus applied to the preganglionic 
trunk. In a few experiments, the control samples of the venous fluid contained 
a little ACh-like activity, and a small correction was made for this when the 
output per stimulus was calculated. 

It will be seen that the ACh output was generally smaller in the later periods 
of stimulation; we do not know how far this diminution reflected physiological 
changes in the ganglion or how far it was due to deterioration of the preparation 
through such causes as the increasing oedema and leakage of perfusion fluid, 
the blocking of minute vessels, the leaking out of essential metabolites, or to 
slow replenishment in the presence of eserine of the stores of ‘available ACh’ 
(Perry, 1953). The main fact, however, was that the output of ACh on stimula- 
tion was of the same order, whether the perfused solution was the over-alkaline 
fluid of the earlier experiments or was at a physiological pH. The average 
output, for the first period of stimulation in each experiment, was 28-5 pg/vol- 
ley with bicarbonate-Locke, and 26 pg/volley with phosphate-Locke. These 
values agree well with those obtained by previous workers, as may be seen 
from Table 2, which summarizes all the published data which permit the 
calculation of the ACh output per volley from the unfatigued ganglion: the 
data of Lorente de Né (1938), whose results were very variable, have been 
omitted. Significantly higher values than the present ones, up to 100 pg/volley, 
were obtained by Feldberg & Vartiainen (1934), by Perry (1953) and by our- 
selves in experiments in which a much smaller number of stimuli were applied 
to the preganglionic nerve; but this discrepancy need cause no concern, since 
the rate of ACh discharge is known to fall off with prolonged stimulation 
(Brown & Feldberg, 19366; Kahlson & MacIntosh, 1939; Perry, 1953). The 
lower values for the output observed in our experiments are thus significant 
only with respect to the parameters of stimulation we have employed; but they 
can justifiably be compared with the data obtained in other experiments, in 
which the perfusion fluids were different but the conditions of stimulation 
were the same. 

Perfusion with heparinized plasma. As a nearer approach to physiological 
conditions, the ganglion was perfused in four experiments with cat’s plasma 
made incoagulable with purified heparin. The plasma was oxygenated and 
eserine sulphate (10-5 g/ml.) was added. Otherwise the procedure was the 
same as in the experiments with Locke's solution. Heparinized plasma proved 
to be a very satisfactory perfusion fluid: there was no oedema and almost no 
leakage, and the flow was better maintained than with the saline fluids. 
Preganglionic impulses were normally transmitted; and ACh was released on 
preganglionic stimulation, but did not appear at other times. The average 
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output per volley, 22 pg, did not differ significantly from the average with 
the two forms of Locke’s solution (Table 1). 


Tasie 1. Release of ACh on preganglionic stimulation from ganglia perfused with different fluids. 
The values for ACh in each experiment refer to successive 3-min periods of stimulatiun at 
20-25/sec. The mean values for each perfusion fluid are based on the output in the first 


stimulation period of each series. 


ACh output 
no. Ganglion Perfusion fluid (pg) 
1 Right  Bicarbonate—Locke (eserine sulphate 5 x 10~*) 34, 21 
2 Left Bicarbonate—Locke (eserine sulphate 5 x 10~*) 26, 27, 18 
3 a Bicarbonate—Locke (eserine sulphate 5 x 10-*) 19, 10 Mean 28-5 
4 Bicarbonate—Locke (eserine sulphate 5 x 10~*) 35, 18, 9 
1 Left Phosphate—Locke (eserine sulphate 5 x 10-*) 22, 24, 26 
2 sg Phosphate—Locke (eserine sulphate 5 x 10-*) 33, 30 
3 Phosphate—Locke (eserine sulphate 5 x 10~*) 30, 25 Mean 26 
5 Right §#Phosphate—Locke (eserine sulphate 5 x 10~*) 30, 30, 22 
6 Right | Phosphate—Locke (eserine sulphate 5 x 10-*) 14 
7 Right Plasma (eserine sulphate 10-*) 26, 26, 13 
8 Right Plasma (eserine sulphate 10-°) 10, 8 
9 Right Plasma (eserine sulphate 10-°) 12, 10 
10 Right Plasma (eserine sulphate 10-) 40, 22, 18 
ll Right Plasma (eserine sulphate 10-*) 30, 24 
12 Right #Plasma (DFP 5x 10~) 13, 15 
13 Right $$Plasma (DFP 5x 10) 16, 16 Mean 20-5 
14 Right Plasma (TEPP 2 x 10~*) 22, 23 
15 Right  $Plasma (prostigmine methyl-sulphate 1-7 x 10-°) 16, 14 
16 Right Blood (eserine sulphate 10-*) 18 
417 Right Blood (eserine sulphate 10-*) 17 
18 Right Blood (eserine sulphate 10-*) 21, 12 Mean 21 
19 Right Blood (eserine sulphate 10-*) 29, 27, 
20 Right Blood (eserine sulphate 10~*) 19, 6 


TaBiE 2. Release of ACh on preganglionic stimulation from ganglia 
perfused with eserinized Locke’s solution 


No. of No. of stimuli Frequen ACh out 
Authors expts. applied of stimulation endertie 

Feldberg & Vartiainen (1934) 2 30, 120; 60, 60 1-8/sec 66, 66; 100, 100 

Brown & Feldberg (19365) 3 5100; 2700; 5000 10; 15; 17/sec 18; 26; 18 

MacIntosh (1938) 900 to 5400 10/sec 24 (mean) 

Kahlson & MacIntosh (1939) 1 6000 10/sec 

Paton & Zaimis (1951) 1 1800 10/sec 28, 26 

Perry (1953) —  600-240,000 5-100/sec <2-100, de- 
pending on 
parameters of 
stimulation 

Emmelin & MacIntosh 10 3250 to 4500 18—25/sec 27 (mean) 


* Perfusion with 10% blood in eserinized Locke’s solution. 


It was of interest to know how far the ACh output depended on the con- 
centration of eserine in the perfusion fluid. In one experiment, therefore, the 
concentration was raised tenfold to 10-*xg/ml.: the ACh output was 
30 pg/volley. The concentration of eserine can thus be varied within wide 
limits without any important effect on the ACh output, provided of course that 
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enough of the drug is present to inactivate the esterases of the plasma and 
the ganglion. 

The opportunity was also taken of using anticholinesterase drugs other than 
eserine. The plasma used for perfusion contained diisopropyl fluorophos- 
phonate (DFP) 5 x 10-* g/ml. in two experiments, tetra-ethyl pyrophosphate 
(TEPP) 2x 10~* g/ml. in one experiment, and prostigmine methylsulphate 
1-7 x 10-5 g/ml. in one experiment. The output of ACh in these experiments 
was a little, but not significantly, below the average found in the experiments 


_ with eserine (Table 1). 


Perfusion with blood. We then decided to repeat the earlier experiments on 
ganglia with their circulation intact, in the. hope of finding out why ACh 
usually failed to appear in the venous blood under these conditions. The 
dissection and ligation of vessels was carried out as for a perfusion, but the 
common carotid artery was left intact so as to maintain the normal arterial 
supply of the ganglion. When the dissection was finished, the cat was heparinized 
and given 1 mg/kg of eserine sulphate by vein; in one instance a further mg was 
injected through the stump of the lingual artery so that a good deal of it must 
have reached the ganglion. Collection of the slowly dropping blood from the 
venous cannula was then begun without delay, and the samples were assayed 
immediately. In no instance, however, was any ACh detected, even with 
maximal preganglionic stimulation for 10 min. A probable reason for this 
failure was soon discovered when it was observed that ACh added to the 
venous blood was almost entirely destroyed within a few minutes. We next 
tried to determine how much eserine must be given by vein to a cat in order 
that ACh entering its blood might be preserved long enough for a reliable 
assay. We found, however, that even the largest doses that could be given, 
without lowering the blood pressure tv any point when hardly any blood 
flowed through the ganglion (a preliminary small dose of atropine was given 
in order to lessen the circulatory effects of the eserine), were still inadequate. 
Thus, blood was taken from a cat 10 min after the injection of 25 mg/kg of 
eserine sulphate: when ACh was added to this blood, the final concentration 
being 10-* and the temperature 35° C, 50% was destroyed within 30 min. We 
concluded that it was impracticable to determine the true output of ACh from 
a ganglion with its natural circulation. The ACh liberated from such a ganglion 
would remain for some minutes at least in contact with warm, incompletely 
eserinized blood within the ganglionic vessels and the venous cannula: and it 
seemed likely that the cholinesterase of the ganglion itself might be even more 
active than that of the blood. 

We therefore had recourse once more to perfusion, this time with blood 
containing eserine sulphate in a concentration, 10~* g/ml., sufficient for 
practically complete inactivation of the esterase of both cells and plasma. 
Before it was perfused the blood was passed through a coarse sintered glass 
31-2 
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filter and gassed with 5% CO, in O,: otherwise the arrangements were as for 
plasma. Heparinized blood was found to be unsuitable: its cells settled so 
rapidly within the cannulae and major vessels that the flow soon stopped, 
although the perfusion pressure was kept high. With defibrinated blood, the 
cells of which settle more slowly, perfusion was more satisfactory; but even 
with defibrinated blood the flow was so slow (0-02-0-05 ml/min with arterial 
pressure of 150-200 mm Hg) that at least 5 min had to be allowed after each 
stimulation for the collection of all the ACh released. The blood was collected 
in ice-cooled vessels, containing 0-5-1 ml. of 0-167m-NaH,PO, for slowing of 
non-enzymic hydrolysis. 

In control experiments it was found that when ACh is added to fully 
eserinized blood some of it enters the corpuscles; and when the blood is 
injected into a cat for assay of its ACh content, the ACh in the corpuscles does 
not contribute to the depressor effect. The ACh content of the red cells when 
equilibrium had been reached was, volume for volume, about half that of the 
plasma. A small upward correction was therefore applied to the apparent 
ACh content of the venous samples from the ganglion, the haematocrit being 
taken as 35%, and allowance being made for dilution by the phosphate solu- 
tion in the collection vessels. 

In every experiment in which the ganglion was perfused with fully eserinized 
blood, preganglionic stimulation liberated ACh in the now familiar quantity 
(Table 1). Transmission of impulses with prolonged stimulation was not well 
maintained under these conditions of perfusion. The failure of transmission 
had a time-course similar to that described by Brown & Feldberg (19365) and 
by Rosenblueth & Simeone (1938), and attributed by these authors to paralysis 
of ganglion cells by accumulated ACh. The combination of a slow perfusion 
rate and high concentration of eserine doubtless favoured such an accumula- 
tion in our experiments. 

Demonstration in vivo of acetylcholine release from the ganglion. About half 
as much acetylcholine is released by stimulation of the preganglionic sympa- 
thetic trunk as is released from the perfused submaxillary gland of the cat by 
stimulation of similar frequency and duration applied to the chorda tympani 
(Emmelin & Muren, 1950). In the case of the submaxillary gland, however, it 
has long been known that the released acetylcholine may reach the general 
circulation in such quantity as to cause a sharp fall of the arterial pressure, 
provided that a small dose of eserine has been given to the animal beforehand : 
the discovery of this phenomenon by Babkin, Gibbs & Wolff (1932) gave the 
first direct evidence for cholinergic transmission in this tissue. One might 
therefore hope to be able, under favourable conditions, to demonstrate the 
release of ACh from a ganglion, without recourse to any artifice of perfusion ; 
and this point has been tested in the following way. 


The superior cervical ganglia were isolated as for perfusion, but the main 
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arterial and venous trunks were not interrupted. During the operation all the 
visible postganglionic fibres were severed. The two cervical sympathetic trunks 
and the chorda tympani of one side were placed on electrodes. The cat was 
eviscerated, artificial respiration was begun, and the blood pressure in the 
femoral artery was recorded. Stimulation of neither the two sympathetics nor 
the chorda tympani caused any fall of blood pressure. Eserine sulphate 
(0-2-1 mg/kg) was now given, followed by curare (‘Intocostrin’, 0-3-0-6 mg/kg) 
to prevent the muscular twitching caused by eserine; finally, pyranisamine 
maleate (‘ Neoantergan ’, 0-25-1 mg) was given to reduce the depressor effect of 
histamine liberated by the curare (Alam, Anrep, Barsoum, Talaat & Wieninger, 
1939). Stimulation of the chorda tympani now regularly caused a fall in blood 
pressure after a latent period of 10-15 sec, as described by Babkin et al. (1932). 
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Fig. 1. Blood pressure of cat, 1-7 kg; anaesthetized with chloralose. Stimulation for 1 min 1, of 
the chorda tympani, and 2, of both cervical sympathetics. Between the two sections of the 
tracing, injection of 0-4 mg/kg of curare, 0-25 mg of Neoantergan and 0-6 mg of eserine 
sulphate. 3, Stimulation of both sympathetics; 4, of the left sympathetic. 5, Intravenous 
injection of 0-001 wg ACh; 6, 0-002 ug ACh; 7, 0-004 wg ACh; 8, PO a AED 9, stimulation 
of both sympathetics; 10, stimulation of the chorda tympani. 


The effect of sympathetic stimulation was variable. In three out of nine 
experiments there was a steep fall of blood pressure (Fig. 1), which began 
15-20 sec after the start of stimulation; in four experiments the fall was a very 
small one; and in two experiments no depressor response was obtained, 
although the sensitivity of the animal to injected ACh was high. The response 
was not seen in the absence of eserine, and when elicited could be suppressed 
by atropine. The depressor effect of stimulating the two sympathetics was in 
no experiment as big as that of chorda stimulation. A rough estimate of the 
amount of ACh that reached the general circulation, with chorda or sympathetic 
stimulation, could be made on the basis of the corresponding depressor effects. 
In the experiment of fig. 1, for example, the small dose of eserine used apparently 
permitted about 20% of the ACh released by chorda stimulation to escape into 
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the general circulation, but only about 10%, of the ACh set free in the ganglia 
was able to reach the distant vessels. The relative difficulty of demonstrating 
ACh release from the ganglion, as compared with the gland, was probably due 
to the slow flow of blood in the veins of the neck after ligation of their extra- 
ganglionic branches; the liberated ACh would be mostly destroyed in this 
sluggish venous stream: whereas the circulation through the submaxillary 
gland is very rapid during stimulation of the chorda tympani. 

These observations provide fairly good evidence that significant amounts of 
ACh can escape from a stimulated ganglion into the blood stream when the 
natural circulation is preserved. The possibility, however, cannot be completely 
excluded that a few cholinergic postganglionic fibres survived the operation 
designed to interrupt them, and that ACh was released from their endings 
during stimulation of the preganglionic trunk. 

Liberation of choline by the uneserinized ganglion. In all the experiments 
described above, the ganglion was subjected to the action of an anticholin- 
esterase drug. When no such drug is added to the perfusion fluid, no ACh can 
be detected in the effluent collected during preganglionic stimulation: it 
should be expected, however, that a corresponding quantity of choline would 
be discharged under these conditions. Brown & Feldberg (19365), indeed, have 
already found that when eserine-free Locke’s solution is used for the perfusion 
choline appears in the samples collected during stimulation; when eserine was 
present they found no choline, but only ACh. 

We thought it worth while to repeat the experiments of Brown & Feldberg 
and to see, further, whether the quantity of choline released during synaptic 
activity in the absence of eserine agreed well with the quantity of ACh 
released when eserine was present. Phosphate-Locke was used as perfusion 
fluid: it contained no detectable choline. During each experiment, the ganglion 
was perfused alternately with eserine-free and eserine-containing fluid, and the 
effluent was tested for ACh both before and after acetylation. The inhibition of 
the ganglion’s cholinesterase by eserine, as judged by the appearance or non- 
appearance of ACh in the venous fluid, developed quickly and was readily 
reversible. Our first experiments, however, were unsuccessful because all the 
samples tested, both stimulation and control, contained so much choline that 
the expected increment due to stimulation could not be detected with cer- 
tainty : this happened whether or not there was eserine in the Locke’s solution. 
It. was found necessary to perfuse the ganglion for at least half an hour to 
allow this continuous discharge of choline to slacken to a manageable level. 
When this was done, subsequent control samples contained no more than 
0-05 yg of choline (measured as ACh chloride) per 5 min period, and stimula- 
tion always produced a clear rise in choline content. 

In one such experiment, after 45 min perfusion with eserine-free Locke's 
solution, the effluent collected during a 5 min control period contained 49 mug 
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of choline estimated as ACh chloride. During the next 5 min period the 

preganglionic trunk was stimulated maximally for 3 min at 25/sec and the 

output of choline rose to 77 mug. In the following control period the output 

fell to 58 mug. The increment in choline output produced by the stimulation 

was thus about 23 mug: none of these samples contained any detectable ACh. 

The perfusion fluid was now changed for eserinized Locke’s solution; and 

effluent was collected during three successive 5 min periods, during the second 

of which the preganglionic trunk was stimulated in the same way as before. 

Assayed immediately on the cat’s blood pressure, the samples contained 

<6, 22 and <6 mug of ACh; assayed after acetylation, the corresponding 

figures were 45, 66 and 42 myg. The increment in choline output due to 

stimulation was thus about 22 mug, and was exactly accounted for by the ACh 

present. Lastly, the ganglion was perfused once more with the eserine-free 

solution for three 5 min periods, with stimulation during the second period. 
The successive values for total choline were 45, 67 and 35 myg, the increment: 
due to stimulation being once more 22 mug; again, no free ACh was detected. 

In this experiment, therefore, the total amount of choline released by a given 

burst of preganglionic stimulation was practically the same, whether the per- 

fusion fluid contained eserine or not; in the presence of eserine the choline 

appeared entirely in the form of ACh, while in the absence of eserine it appeared 

entirely in the form of choline. In two other experiments the findings were 

similar, except that the output of choline (or ACh) ascribable to stimulation 

fell off steadily as the experiment progressed. These, of course, are the findings 

to be expected on the assumption that eserine does not affect the liberation of 
ACh at the preganglionic terminals, but only preserves ACh from destruction 

after it has been liberated. 

Calculation of the amount of ACh liberated by each preganglionic volley in 
these experiments gave values well below those in Tables 1 and 2. This was 
true whether ACh was determined by direct assay of the eserinized effluent or 
in the eserine-free samples after acetylation. In the three experiments the 
mean output per volley was respectively 5, 9 and 5-5 pg (perfusion without 
eserine), or 5, 7-3 and 3:1 pg (perfusion with eserine). It is tempting to 
suppose that these ganglia were so depleted of choline by prolonged perfusion 
that they were incapable of synthesizing ACh at the normal rate, especially as 
Brown & Feldberg (19366) have shown that the addition of choline to the 
perfusion fluid sometimes increases the output of ACh from ganglia subjected 
to continuous stimulation; but other explanations are, no doubt, equally 
probable. In one experiment, in which because the assay cat was a particu- 
larly good one the increase in choline output due to stimulation could be 
determined early in the perfusion, a value of 30 +10 pg per volley was found, 
in good agreement with the usual figures for ACh at a comparable stage of 
perfusion in the experiments with eserine. 
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‘ Late firing’ of ganglion cells. A curious phenomenon was observed in most 
of the experiments in which the perfused ganglion was subjected to repetitive 
stimulation in the presence of an anticholinesterase drug. The nictitating 
membrane relaxed, at the end of the period of stimulation, almost as rapidly 
and completely as if no such drug had been added to the perfusion fluid; but it 
soon began to contract again, and the record rose slowly and smoothly to 
@ maximum that was maintained for many minutes, and was sometimes not 
far below that seen with preganglionic excitation. Occasionally this after- 
contraction began within a few seconds after the end of stimulation, before the 
membrane had fully relaxed. The phenomenon was seen during perfusion with 
either Locke’s solution, plasma or blood, and in the presence of eserine, 
prostigmine, DFP or TEPP. Its late onset and long duration distinguished it 
from the after-discharge seen in the eserinized ganglion by Eccles (1935, 1944) 
and by Rosenblueth & Simeone (1938). It was certainly due to discharge of 
ganglion cells, for it could be temporarily inhibited by cooling of the post- 
ganglionic trunk or by the injection of a small dose of procaine hydrochloride 
into the perfusion stream. It was not, however, due to the persistence of free 
ACh in the ganglion, since it was not modified by the addition of tubocurarine 
or hexamethonium to the perfusion fluid. Moreover, no trace of ACh could be 
detected in the effluent obtained during even the most intense discharge of this 
type. We have not attempted any further analysis of its origin. 


Experiments with tebvalis anticus 

Our results with the blood-perfused ganglion led us to expect that ACh 
would also be liberated in detectable amounts by blood-perfused muscle, 
provided that the cholinesterase of the blood and the muscle were fully 
inhibited under the conditions of perfusion. We have made a few experiments 
on tibialis anticus, which confirmed this expectation. The results are sum- 
marized in Table 3. In our first experiments (nos. 1 and 2 of Table 3), the 
perfusion fluid was phosphate-Locke or plasma, the proportion of eserine 
being the same as for the ganglion. The experiments confirmed those of Dale 
et al. (1936) on other skeletal muscles: ACh was absent from control samples of 
the venous effluent, but appeared when the motor nerve was stimulated. The 
output of ACh per maximal nerve volley was about 20% of that usually found 
in the ganglion experiments; and owing to the much greater bulk of tissue 
perfused the venous fluid contained ACh in much higher dilution than in 
ganglion perfusions. In the later experiments, in which defibrinated. blood 
containing 10~* eserine sulphate was perfused, the extreme dilution of ACh in 
the effluent sometimes made the assay difficult. The sensitivity of the test cat 
to ACh was usually such that 2 or 3 ml. of blood was needed to give a good 
depressor response. After a few such injections the cat became overeserinized, 
the blood pressure fell, troublesome twitching developed, and the threshold 
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for ACh was raised. A reasonably good assay was, however, generally possible 
if (a) the perfusion was kept fairly slow, so that the liberated ACh was not 
diluted in too large a volume of blood, and (6) the samples to be treated were 
all injected within 10 or 15 min, before the condition of the assay cat had too 
far deteriorated. In one or two experiments the venous blood from the muscle 
contained traces of a histamine-like substance, whose concentration was not 
related to nerve stimulation: a small dose of pyranisamine maleate (‘Neoan- 
tergan’) given to the test cat prevented this material from interfering with the 


assay. 
TaB_e 3. Release of ACh from tibialis anticus muscle on motor nerve 
stimulation at 20-25/sec, for 3 min except where noted 
ACh o 
Expt. no. Perfusion fluid maximal 
Phosphate—Locke (eserine 5 x 10-*) 
2 Plasma (eserine aS hate 10-* Hr 
3 Blood (eserine sulphate 1-9" 3-5 
4+ Blood (eserine sulphate 10~*) 6-5 
5 Blood (eserine sulphate 10~*) | 
6* Blood (eserine sulphate 10~*) 4-5 
7* Blood (eserine sulphate 10~‘) 4-5, 3-4f 


* Sympathectomized muscle, fully curarized. 
+ Stimulation for 8 min. 


Fig. 2. Perfusion of a cat’s tibialis muscle (sympathectomized) with defibrinated blood containing 
eserine sulphate 10-* and tubocurarine chloride 7 x 10-*. Effect of successive samples of the 
perfusate on the blood pressure of a second cat. Each blood sample was collected during 
a 10 min period. The sciatic nerve was stimulated with condenser discharges at 25/sec during 
the first 8 min while sample B was being collected; there was no stimulation during the other 
periods. Atropine sulphate (0-5 mg/kg) was injected into the assay cat before the last part 
of the record was made. 


In each of five perfusion experiments with blood, ACh appeared regularly 
when the motor nerve was stimulated, but never in the absence of stimulation. 
As in the experiments on the ganglion, the quantity of ACh released was about 
the same as when Locke’s solution or plasma was used for the perfusion. With 
the slow perfusion rates required, some ACh was often found in the first control 
blood sample following a stimulation (Fig. 2), and this was taken into account 
in reckoning the output per volley. 
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In contrast to the results obtained with Locke’s solution (Dale et al. 1936) 
the muscle retained its ability to contract forcibly throughout the period of 
blood perfusion, but a prolonged tetanus was not well maintained, probably 
on account of the high concentration of eserine used. The appearance of ACh 
in the perfusate was not a consequence of the muscular contraction itself, 
since it took place as usual when the blood used for perfusion contained 
tubocurarine chloride in concentrations (7 x 10-5 g/ml.) high enough to produce 
neuromuscular block even with eserine present. Nor was the ACh liberated 
mainly by cholinergic sympathetic fibres that reach the muscle via the sciatic 
nerve, for the usual result was obtained with muscles which had been sympa- 
thectomized by the aseptic removal, a week earlier, of both abdominal chains 
from the third lumbar to the second sacral ganglion. The assay record shown 
in Fig. 2 is from an experiment on a sympathectomized and curarized muscle. 
The possibility that ACh was released by the antidromic firing of sensory fibres 
was not excluded in our experiments: it seems an unlikely one, since Dale et al. 
(1936) failed to detect such a release from perfused muscle when they stimu- 
lated the appropriate dorsal roots, in experiments in which ACh regularly 
appeared on stimulation of the corresponding ventral roots. The identification 
as ACh of the depressor substance released by nerve stimulation was confirmed 
by its failure to lower the blood pressure of the atropinized cat and by its 
failure to appear in the absence of eserine. 


DISCUSSION 


For demonstrating the release of ACh at ganglionic and neuromuscular synapses 
at least one departure from physiological conditions is necessary: the cholin- 
esterase of the tissue under study and of the blood flowing through it must 
be put out of action. We have been concerned to discover whether any 
further abnormality is required. In the earlier experiments carried out in this 
laboratory, uniform success was achieved only when artificial perfusion media 
were used. The two fluids employed, bicarbonate—Locke (Feldberg & Gaddum, 
1934; Feldberg & Vartiainen, 1934; Brown & Feldberg, 1936); Kahlson & 
MacIntosh, 1939; Harvey & MacIntosh, 1940) and bicarbonate—Locke con- 
taining 10% of blood (MacIntosh, 1938) were unphysiologically alkaline, and 
were deficient in the normal solutes of plasma and in oxygen-carrying power. 
In the experiments described above we have used several different perfusion 
fluids : each of these was abnormal in some respect, but there was no abnormality 
common to all of them. The experiments with phosphate-Locke showed that 
the discharge of ACh can take place at a physiological pH; the experiments 
with defibrinated blood show that neither anoxia, nor dilution of the constituents 
of serum, is necessary for the discharge; and the experiments with plasma 
exclude the remote possibility that the discharge might be inhibited in the 
presence of fibrinogen or prothrombin. Nor is it essential that the perfusion 
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fluid should contain eserine, for in the ganglion at least the chemically unrelated 
compounds DFP and TEPP, as well as the related base prostigmine, are also 
effective. There is, furthermore, no substantial or even significant variation in 
the quantity of ACh discharged at the preganglionic endings, despite the 
considerable variations in their fluid environment imposed by the different 
conditions of perfusion. Finally, the observation that when no esterase 
inhibitor is present the perfused ganglion on stimulation liberates choline, in 
an amount corresponding to the ACh it releases when its cholinesterase is 
inhibited, provides evidence that ACh is also released when that enzyme is 
normally active, though the release cannot then be demonstrated directly. 
The only reasonable interpretation of these findings is, we think, that the 
release of ACh on stimulation is a physiological event, and that the quantity of 
ACh released under physiological conditions, by a known number of impulses 
in a particular group of nerve fibres, is a characteristic quantity that can be 
measured with tolerable accuracy. 

In the superior cervical ganglion, under the conditions of our experiments 
(3250 to 4500 maximal preganglionic volleys in 3 min.) about 25 pg of ACh was 
liberated per volley. In tibialis anticus, stimulated in the same way, about 
5 pg was liberated per motor nerve volley. It may be assumed, however, that 
the earlier volleys of each series released more ACh than the later ones, for it is 
well known (Feldberg & Vartiainen, 1934; Brown & Feldberg, 19366; Kahlson 
& MacIntosh, 1939; Perry, 1953) that with prolonged stimulation the ACh 
output falls approximately exponentially to reach a steady low level: in fact, 
we can confirm the observations of Feldberg & Vartiainen and of Perry that in 
the ganglion the initial output of ACh per volley is about 100 pg. In the later 
part of each stimulation period the output per volley no doubt fell below the 
values we have given above. Perry indeed has found, in experiments in which 
the preganglionic trunk was subjected to prolonged stimulation at varying 
frequencies, that the ACh output eventually becomes constant at about 
4 pg/min, whatever the frequency of stimulation: the output per volley 
under these conditions must then have varied inversely with the rate of 
stimulation. It is not therefore the absolute value of the ACh output per 
shock that we wish to emphasize, for this will depend on the frequency and 
duration of the stimulation; rather it is the fact that with a given kind of 
stimulation, the output of ACh per shock remains the same in spite of sub- 
stantial changes in the composition of the fluid perfusing the ganglion. 

In earlier investigations (Feldberg & Vartiainen, 1934; Lorente de N6, 1938; 
MacIntosh, 1938) in which attempts were made to detect liberated ACh in the 
venous blood leaving a ganglion whose arterial supply was intact, only a trace 
of ACh or none at all was found, in spite of the massive doses of eserine which 
had been administered. Our present experiments on blood-perfused ganglia 
make it clear that these negative results were due to incomplete inhibition of 
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cholinesterase. A nearly maximal inhibition of the enzyme by eserine cannot 
be achieved in the whole animal, unless it is protected by appropriate blocking 
agents against the effects of accumulated ACh, When the cholinesterase of the 
blood and the ganglion is fully inhibited by contact with eserine sulphate at 
a concentration of 10-* g/ml., the ACh output corresponds to that found for 
the saline-perfused ganglion. It is accordingly unnecessary to suppose, as 
MacIntosh (1938) and Eccles (1944) have done, that in the ganglion with 
natural circulation released ACh is for the most part removed by resynthesis 
to an inactive precursor rather than by enzymic hydrolysis. Perry (1953), on the 
basis of perfusion experiments in which the preganglionic stimulation was 
more prolonged than in our own, has suggested that in the absence of eserine 
the choline derived from liberated ACh (though not the ACh itself) may be 
recaptured by the preganglionic endings and used for the synthesis of readily 
releasable ACh. Our data provide no test of this idea, but we agree with him in 
finding that for stimulation periods lasting a few minutes only, the output of 
choline from the uneserinized ganglion corresponds to the output of ACh from 
the eserinized ganglion. 

It may be worth while at this point to compare the amount of ACh liberated 
by stimulation with the amount required to excite the ganglion cells, since it 
has been suggested (Nachmansohn, 1946) that the former is very much smaller 
than the latter, and so can have no significance as evidence for synaptic 
transmission by ACh. In our tests the amount of ACh liberated by a single 
preganglionic volley was about 2-5 x 10-" g on the average. Assuming this to 
be equally distributed through the volume of the ganglion (approx. 12 jl.), the 
concentration of the ACh would be about 2x10-* g/ml. A discharge of 
impulses in the postganglionic fibres, equal to or greater than that following 
a preganglionic volley, is regularly produced by injecting 0-1 wg of ACh, 
dissolved in 0-2 ml of eserinized Locke’s solution, into the perfusion stream 
above the ganglion: the concentration of ACh in the ganglion would be at most 
5 x 10-7. The ratio of these two concentrations is 1:250. But it cannot be con- 
cluded that the amount of ACh liberated by a volley is only 1/250 of the amount 
required to excite the ganglion cells: for it has still to be taken into account 
that if the liberated ACh comes solely from the preganglionic endings, as there 
is good reason to believe, then at the moment of its liberation it is not dis- 
tributed throughout the whole volume of the ganglion, but is confined to the 
synaptic regions. If we may suppose that the total space in which free ACh is 
dissolved at the moment of its action is less than 1/250 of the volume of the 
ganglion, we shall then have completely resolved the apparent discrepancy 
between the liberated and the effective quantity of the transmitter. 

The complexity of the histological picture is such that this ‘effective synaptic 
space’ can hardly be calculated on the basis of direct measurements: especially 
as it is not known whether ACh is released over the whole surface of the termina! 
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preganglionic twigs or only close to the junctional interface; nor is it known 
how far the diffusion of ACh may be limited by the pre- and post-synaptic. 
membranes and by other structures in the vicinity of the synapse. The ratio of 
1:250, which has just been calculated, may indeed overestimate the dis- 
crepancy between the concentration of free ACh in the whole ganglion after 
one volley and the threshold concentration for excitation; and if this is true 
the ‘effective synaptic space’ may exceed 1/250 of the ganglionic volume. In 
the first place, it is likely that ACh injected into the perfusion stream, and 
thence diffusing toward the ganglion cells, will stimulate the latter less effec- 
tively than ACh suddenly released in the same concentration at the post- 
synaptic surface. In the case of muscle, at any rate, the effectiveness of intra- 
arterially injected ACh in eliciting a contraction is closely dependent on the 
speed of the injection (Brown, Dale & Feldberg, 1936). In the second place, 
the ganglion cells will not be maximally responsive to ACh in the presence of 
eserine, which is known to have some ganglionic blocking action of the com- 
petitive type (Feldberg & Vartiainen, 1934; Feldberg & Hebb, 1948; Paton & 
Perry, 1953). Birks (1954, personal communication) has found that when 
TEPP is used instead of eserine to inhibit cholinesterase, the cells of the 
perfused ganglion regularly respond to 5x 10-* ACh. In the third place, our 
value of 25 pg as the quantity of ACh liberated by a single preganglionic 
volley is probably an underestimate: unless there has been prolonged repetitive 
firing just beforehand, the quantity, as we have already noted, will be nearer 
to 100 pg. If we substitute these values in our calculation, we can estimate 
‘the effective synaptic space’ as high as 5-10°%, of the ganglionic volume and 
still allow a sizeable safety factor for transmission. 

End-bulbs in this ganglion appear to be sparsely scattered over the surface 
of the perikaryon and its dendrites, in comparison with their abundance at the 
surface of motoneurones and other cells of the central nervous system: the 
largest number counted by Gibson (1940) on a single neurone and its prolonga- 
tion was 13. Even if one assumes that many end-bulbs are not made visible by 
the available staining techniques, and that ACh is also released from presynaptic 
structures, it is hard to suppose that the total bulk of the presynaptic termina- 
tions amounts to more than 1-2 %, of the volume of the ganglion. The effective 
synaptic space itself cannot be many times larger than this. On an electrical 
theory of transmission the net flux of ions would initially be mainly confined 
to the immediate neighbourhood of the junction; and on a chemical theory the 
transmitter action would have to be completed within the 2 msec of the 
ganglion’s refractory period, during which time any released transmitter could 
have diffused only a few micra from its site of release (Ogston, 1955) and would 
have lost activity through dilution and perhaps through enzymic action. 
Indeed, it seems probable on the basis of such considerations that ACh, in the 
quantity which perfusion experiments show to be released by « single volley, 
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must at the moment of its liberation have represented a considerably supra- 
liminal stimulus for most of the ganglion cells. 

A similar quantitative argument could be put forward to deal with the 
discrepancy between ACh output and ACh threshold in muscle, which Nach- 
mansohn (1946) has cited as further evidence against the theory of synaptic 
transmission by ACh. Some calculations of this kind have already been made 
Ly Acheson (1948), Eccles (1953), Fatt (1954) and del Castillo & Katz (1955). 

Our experiments do, however, support the idea that more than one process 
may be involved in terminating the transmitter action (cf. Eccles, 1953, Fatt, 
1954). Assuming that an effective amount of ACh can be liberated at the 
nerve ending within the period of synaptic delay, we must suppose this ACh to 
be somehow removed or made ineffective within the refractory period of the 
ganglion cell or motor end-plate. The most obvious way in which this could 
happen is through hydrolysis by cholinesterase; and in mammalian voluntary 
muscle, drugs which inhibit that enzyme do produce the anticipated repetitive 
firing of indirectly excited fibres, and other effects which seem to indicate the 
persistence of a transmitter. In sympathetic ganglia, however, the effects of 
such drugs are relatively unimportant: there is a summation of the negative 
‘synaptic’ potential produced by a preganglionic tetanus, and a greater ten- 
dency to after-discharge following a preganglionic tetanus (Eccles, 1944); and 
submaximal preganglionic stimuli are more effective (Feldberg & Vartiainen, 
1934), probably through spatial rather than temporal extension of the trans- 
mitter action. The failure of eserine and similar drugs to prolong more 
strikingly the effective life of the transmitter seemed to support the suggestion, 
which has already been referred to, that the evanescent action of the liberated 
ACh was due to its speedy removal, not by cholinesterase, but by recombina- 
tion with the material of the axon endings to resynthesize the complex from 
which it had just been liberated. This idea, as we have noted, no longer seems 
attractive. It seems clear, however, that in the past too little attention has 
been given to the possibility that the main removal of ACh at the synapse may 
be by physical, rather than chemical, means. The most important process 
involved might be diffusion, but some part might be played by the change of 
electrical charge at neuronal surfaces in modifying the mobility of the ACh ion, 
or by the rapid spread of ACh along lipoprotein-water interfaces at these 
surfaces. As an indication of the rapidity with which diffusion might lower the 
concentration of ACh within a volume of synaptic dimensions, Ogston (1955) 
has calculated that if ACh were suddenly liberated at the centre of a spherical 
volume of radius 1 uw located within an aqueous medium and allowed to 
dissipate by diffusion alone, the mean concentration of ACh within the sphere 
would be lowered by 90% in 1-7 msec. Moreover, it may be unnecessary for 
the whole of the free ACh to be removed within the refractory period, for it is 
possible that ACh stimulates the ganglion cell or end-plate most effectively 
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when its concentration is rising steeply, or when the boundary between the 
depolarized and polarized regions of the cell membrane is fairly sharp. Such 
conditions for effective stimulation by a chemical mediator would have obvious 
analogies with those for excitation of nerve by an electric current; but a more 
elaborate discussion of them would be out of place here, and indeed would 
hardly be warranted by the facts now available. We raise these considerations 
only because the assumption has often been made that hydrolysis by cholin- 
esterase, and possibly resynthesis to a precursor, are the only possible methods 
by which ACh could be inactivated at the synapse. 


SUMMARY 


1. The amount of acetylcholine liberated from the cat’s superior cervical 
ganglion by a given number of preganglionic volleys has been determined 
under various conditions of perfusion. 

2. It is the same, within fairly close limits, whether the perfusion fluid is 
Locke’s solution at pH 8-5 or pH 7-4, heparinized plasma, or defibrinated 
blood, so long as a cholinesterase inhibitor is present in adequate concentra- 
tion. This inhibitor may be eserine, prostigmine, ditso-propyl fluorophos- 
phonate, or tetraethyl pyrophosphate. 

3. In the absence of any anticholinesterase drug, a corresponding amount 
of choline, instead of acetylcholine, appears in the perfusion fluid during 
stimulation. 

4. In the cat’s tibialis anticus muscle, perfused with Locke’s solution, 
plasma or defibrinated blood, the amount of acetylcholine liberated by motor 
nerve stimulation is likewise the same for each perfusion fluid. 

5. It is concluded that the amounts of ACh released under physiological 
conditions by nerve impulses arriving at cholinergic terminals can be reliably 


estimated by measuring the ACh discharged into a perfusion fluid. These 


amounts are high enough, in both ganglion and muscle, to justify the belief 
that acetylcholine acts as a synaptic transmitter in these tissues. 
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Several workers have attempted to study the action of oestrogens in tissue 
culture. The experiments have been concerned with both unorganized and 
organized growth, and very conflicting results have been obtained. Tavasts- 
tyerna (1936) reported that oestrogen stimulates the growth of chicken heart 
muscle cultures, but Takeguti (1937), using the same tissue, found that 
oestrogens either inhibited the growth or had no effect. Maeda (1937) showed 
that oestrogens in sufficient concentration produce growth of the iris epithelium 
from chick embryos, whilst Yagi (1937), with rabbit tissues, showed that 
oestrogens inhibit the growth of dental pulp, spleen and bone marrow. Von 
Haam & Cappel (1940) failed to observe any effect of oestrone on mouse heart 
fibroblasts. Also Ivers, Pomerat & Neidhardt (1948) observed no action of 
oestrone, in amounts sufficient to saturate the medium, on cultures of ascitic 
fluid cells obtained from a patient suffering from pseudomyxomatosis peritonei. 
Rose, Townsend & Pomerat (1951) studied the action of sodium oestrone 
sulphate on explants of human ovary from a patient with papillary cystadeno- 
carcinoma of the ovary, and failed to obtain clear-cut results. It must be 
emphasized that these tissues, possibly with the exception of the ovary, have 
a low competence to react to oestrogens. 

Rosenthal (1934) added oestrone to explants of the rat vagina and failed to 
obtain a response, A similar negative result was obtained by Emmens & 
Ludford (1940), who added oestradiol-3 : 178 to cultures of this tissue. Verne 
(1935) obtained a response in cultures of the uterus of the rat by the addition 
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of serum from an animal previously injected with oestrogen, and Dux (1941) 
reported the same result with explants from the rat vagina. These experiments 
gave rise to the idea that the oestrogens only produce their effect after passage 
through the body. Other workers, however, have demonstrated a direct action 
of oestrogens in tissue culture. Guercio & Arnone (1935) and Yagi (1937) 
obtained responses with the uterus, while Gaillard (1942) produced changes in 
cultures of the seminal vesicles and uterus of the mouse by the direct action of 
oestrone. The first worker to obtain a direct action of oestrogens on the vaginal 
epithelium was Coujard (1943), who added oestrone to guinea-pig and rat 
tissue. Recently Hardy, Biggers & Claringbold (1953) and Kahn (1954) have 
produced vaginal cornification in explants from the mouse and rat respectively, 
by the addition of oestrogens to the culture medium. Berger (1937) claimed 
to have produced direct action of oestrone on the vaginal epithelium of the 
rat, but since he had to induce the pro-oestrous stage in vivo before removing 
the vagina for culture his results are not convincing. 

Recently the direct action of oestrogens has been demonstrated in other 
tissues. Several studies have been made of the effect of oestrogenic substances 
on embryonic development in tissue culture (Wolff, 1953). Wolff & Haffen 
(1951, 1952, b) explanted the gonads of the duck embryo at the time of sexual 
differentiation and exposed them to large quantities of oestradiol-3 : 178 
benzoate; in the genetically male organs intersexes were produced. Similar 
results were also obtained with the synthetic oestrogen—n-bis-dehydrodoisynolic 
acid (sodium salt) (Wolff & Haffen, 19525). Studies have also been made on 
the development of the syrinx of the duck in tissue culture (Wolff & Wolff, 
1953; Wolff, Haffen & Wolff, 1953). In the absence of oestrogen the male 
type of organ develops independently of the genetical sex of the embryo, 
but in its presence the female type of organ is produced. Lasnitzki (1954) 
has studied the direct action of oestrone on the prostate gland of the 
mouse in tissue culture. In immature animals the epithelial changes were 
hyper- and meta-plastic, while in mature animals atrophic changes were 
observed. 

In two other papers which deal with the action of oestradiol-3 : 178 in tissue 
culture, the hormone was reported as a mitotic poison which causes fragmenta- 
tion of the chromosomes (Mollendorff, 1942; Knake, 1951). Méllendorff also 
reported similar findings with oestrone and diethylstilboestrol. However, the 
doses used in these studies were enormous when compared with the normal 
physiological range (Biggers, 1953a; Biggers & Claringbold, 19542). 

In the present paper the response of cultures of the vaginal epithelium of the 
mouse to several oestrogens will be described in detail. 
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MATERIAL AND METHODS 


Animals, Randomly bred female albino mice 4-9 days old were used. They were from the stock 
of mice which has been employed extensively in the study of the intravaginal action of oestrogens 
(see Biggers & Claringbold, 19545). The fowl plasma used for the tissue culture media in Expt. 1 
was from a 7-month-old cock, but for all subsequent experiments the plasma was from caponized 
birds aged 4-12 months. 

Oestrogen solutions. Stock solutions of all oestrogens were prepared at a strength of 500 ug/ml. 
in ethanol, and were stored in a refrigerator. When the solutions are kept in this way there is no 
evidence of deterioration (Emmens, 1950). The oestrogens were added to the basic culture medium 
in Tyrode solution (volume 0-01 ml.) by means of an ‘Agia’ micrometer syringe. The weak aqueous 
solution of oestrogen was prepared by dilution of the stock ethanol solution directly with sterile 
Tyrode solution, or by means of an intermediate stage of dilution with ethanol. The dilution 
technique was so arranged as to keep the ethanol concentration less than 0-5 % in the final Tyrode 
solution. Aseptic precautions were unnecessary during the ethanol stages of the procedure. The 
weak oestrogen solutions must be prepared just before use since weak aqueous solutions are known 
to deteriorate on keeping (Emmens, 1950). 

Tests in tissue culture. Whenever possible the mice used for an experiment were obtained from 
one litter, although frequently two or three litters were required. Each mouse was dissected 
under sterile conditions. The complete vagina, which was not yet open to the exterior, was lifted 
out and separated from the urethra with cataract knives, and then washed in Tyrode solution. 
Under a dissecting microscope the perineal end of the vagina, which contains thick folds of 
epithelium, was cut away, and the upper end was separated just below the cervix. The remaining 
thin-walled tube was divided into about six very short cylinders or rings of approximately 0-5 mm 
thickness. 

Hanging-drop preparations were made with 3 x 1} in. cavity slides. On a cover-slip were placed 
3 drops of fowl plasma, 0-01 ml. of an oestrogen solution and 1 drop of an extract in Tyrode solution 
of a minced 10- to 12-day-old chicken embryo. The oestrogen solution was omitted from the control 
groups. After the constituents of the medium were mixed and had formed a firm clot, a vaginal 
ring was placed on the surface. Since the lining epithelium on one side of the ring of vagina tended 
to stick to that on the opposite side, it was necessary to spread out the ring on the clot with 
cataract knives. The cultures were incubated at 37° C for 3 or 4 days. 

All explants were examined daily with a Cooke, Troughton and Simms Research microscope. 
Photographs of the living explants were also taken with this instrament. Some observations were 
made in polarized light with a substage polarizer M7360 and eyepiece analyser M7362, and a 
Bausch and Lomb ribbon filament lamp (6 V). This equipment is capable of detecting moderate 
degrees of birefringence but does not provide the maximum sensitivity possible in examining 
biological material (Swann & Mitchison, 1950). 

Tests on intact animals. A limited examination has been made of the response of the vaginae of 
6-day-old mice to the subcutaneous injection of 0-5 yg oestrone in nut oil given by two injections, 
0-25 wg each, 24 hr apart. This was the dose used in previous studies with adult animals (Biggers, 
19536) and is expected to give a full response in all adults. Groups of three animals were killed 
at intervals from 0 to 96 hr after the first injection and the vaginae removed for histological 
examination by the techniques described below. The animals in the two groups killed first and 
second received, of course, only one injection. 


Histolomical techni 

Most of the entire vaginae and the explants were fixed in Zenker’s fluid containing 3% acetic 

acid, serially sectioned at 81 and stained in Mayer’s haematoxylin, eosin and picric acid. A few 

were fixed in Gendre’s picrico-formal-alcohol mixture. Some sections fixed by each method were 

stained by the Allochrome method (Lillie, 1951) and by Pearse’s combination of phosphomolybdic 
acid-Orange G haematoxylin staining and the periodic acid Schiff method (Pearse, 1950). 
32-2 


e 
1 
| 
t 
e 
r | 
5 
1 
J 
| 
\ 
) 7 


500 J. D. BIGGERS AND OTHERS 


Summary of experiments 
The experiments are listed in Table 1. Tests of various oestrogens were made in five experiments, 
while on three other occasions the dose-response relationship was investigated using oestrone. 
Table 2 lists the oestrogenic substances which have been studied, together with the doses used, 
the number of explants set up and the number showing a response in the epithelium. In view of 
the very great activity of oestrone found in Expts. 5-7, the doses of the various oestrogens used in 
Expt. 8 were much lower than those in earlier experiments. 


RESULTS 
The response to oestrogens as seen in living explants of 
vaginae of 6- to 9-day-old mice 

In each explant the degree of response varied from point to point along the 
epithelium. There was also some variation in the rate of response between 
explants within a treatment group and between experiments, but no con- 
sistent difference was found between different oestrogens. The following 
general description represents the average development, and references to the 
epithelial border are to that part in each explant showing the greatest degree 
of differentiation. 

The thin-walled cylinder of vaginal wall collapses on to the surface of the 
clot (Text-fig. 1). After about 24 hr incubation the epithelium usually appears 
as a clear border on both the inner and outer edges of the ring, possibly due to 
contraction of the surrounding mesoderm, or spreading of the epithelium. The 
mesodermal tissue is embryonic in type and very few connective tissue fibres 
have formed at this stage. Most of the explant remains in an organized state, 
increasing in size during the course of the experiment, but there is in addition 
a spreading outgrowth of dedifferentiated cells. 

At 24 hr only one or two cells are seen in the outgrowth. By 48 hr the out- 
growth has increased in the control explants and also to a greater extent in the 
oestrogen-treated explants. The outgrowth usually consists of both epithe- 
locytes and fibroblasts. At 72 and 96 hr further extension of the outgrowth 
is seen (Pl. 1, fig. 1). In some cases liquefaction of the clot is seen at 96 hr. 

In all explants, at the beginning of the experiment, the epithelial border is 
uniformly thick and consists mainly of two or three layers of cuboidal cells, 
resting on a distinct basement membrane. In the control explants the epithe- 
lium remained in this simple form throughout each experiment (Pl. 1, fig. 2). 
In some explants small patches of the epithelium break down and appear to be 
transformed into an epitheliocyte outgrowth. 

The explants treated with oestrogens show little change at 24 hr. At 48 hr 
the epithelial border is thickened, owing to the formation of new layers of cells. 
The most superficial layer consists of clear swollen cells which give the epithe- 
lium an undulating surface (Pl. 1, fig. 3). Beneath these cells the epithelium 

assumes a squamous stratified form. The number of flattened cell layers 
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(stratified layers) varies from 2 to 8. Beneath the stratified layers are the 
cuboidal cells of the stratum germinativum. By 72 and 96 hr the number of 
stratified layers has increased up to as many as 12 layers (PI. 1, figs. 4, 5). In 
some explants the superficial layer persists while in others it disappears. In 
the explants with the most advanced responses the uppermost of the stratified 
layers become opaque and yellow-brown in colour and are believed to be 


TaBE 1. List of experiments in chronological order 


No. of 
treatment 
Age of No. of Duration u 
Expt. mice mice ofexpt. No. of (inchudi 
no. Purpose used (days) explants control group) 
1 Test of oestradiol-3 : 17 3 4 18 3 
at two dose levels 
2 ‘Test of oestradiol-3:17 2 5 3 30 3 
and oestrone 
3 ‘Test of four oestrogens 6 4 30 5 
4 ‘Test of five oestrogens 5 3 30 6 
5 Comparison of dose levels 6 4 36 6 
of oestrone 
6 Comparison of dose levels 6 4 36 6 
of oestrone 
7 Comparison of dose levels 10 4 60 10 
of oestrone 
8 Test of three oestrogens 6 4 16 4 
TaBxe 2. List of oestrogenic substances tested, and number of explants 
showing & response 
No. of 
explants 
No. of healthy No. of 
Expt. Dose explants when ts 
Oestrogen no. (ug) . cultivated fixed 
Ocstradiol-3:17 1 6x10-* 6 4 4 
6x 10-* 22 18 17 
2 10-* 10 10 10 
Oestrone 2 10"? 10 10 8 
8 5x 10-5 gf 
Oestriol 3 10-* 6 6 4 
Equilin 3 10-* 6 5 5 
Equilenin 4 10° 5 5 4 
Oestriol glucuronide 3 2x10-* 6 6 6 
Equilin sulphate 4 3x 10-* 5 3 2 
Diethyl stilboestrol 3 10-* 6 6 6 
Diethyl] stilboestrol 5 x 10-. 4 3 3 
glucuronide 
Hexoestrol 4 10-* 5 4 4 
Dienoestrol 4 10-* 5 5 3 
Methyl ether of bis- 4 9 8 
deh ydro-doisynolic acid x 4 3 3 
Total for all oestrogens 1, 2, 3, 4,8 93 82 72 
All controls 1, 2, 3, 4,8 31 29 0 
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keratinized. At 96 hr some of these supposedly keratinized layers break away 
from the explant. 

A characteristic feature of the epithelial response in vitro is the development 
of a superficial layer of swollen clear cells beneath which stratification occurs. 


Text-fig. 1. Diagram illustrating the behaviour of vaginal rings in tissue culture. In the left- 
hand column is the original cylinder of tissue as seen from above, from the side, and bisected. 
The grey inner ring represents the epithelium. The centre column shows the cylinder collapsing 
on to the clot with the upper surface pushed to the left. The right-hand column shows that if 
the epithelium grows around the mesodermal tissue a double ring instead of a single ring of 
epithelium is seen from above. 


The cells are larger than other cells of the epithelium and may be cuboidal, 
columnar or cone-shaped, groups of cells frequently showing a fan-like arrange- 
ment (Pl. 1, fig. 5). The cell outlines are clear and intercellular bridges may be 
seen between them. When viewed from above the cells are polygonal in out- 
line and intercellular bridges are easily seen (Pl. 1, fig. 6). 

No marked changes were observed in the differentiation of mesodermal 
tissues in control or treated explants during cultivation. 
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Under polarized light the strongest birefringence is detected in the stratified 
layers of the epithelium in a plane parallel to the basement membrane (PI. 2, 
figs. 7, 8). The superficial layer and the stratum germinativum show little 
evidence of birefringence; the epithelium of the controls is not birefringent. 
A slight degree of birefringence is noted in the mesodermal layer, presumably 
due to connective tissue fibres, and also along the basement membrane of both 
control and treated explants. 


The response to oestrogens as seen in stained sections of explants 

An examination was made of complete serial sections of all the explants 
except those of Expts. 5-7. Most of the explants were fixed after 72 or 96 hr, 
but half of those in Expt. 2 were fixed after 48 hr. 

The appearance of the vaginal epithelium in stained sections agrees well 
with the appearance in living explants. The development of a swollen super- 
ficial layer, a squamous stratified epithelium and a keratinized zone were 
again noted in many of the oestrogen-treated explants, and a careful com- 
parison of the same areas in the living state and in sections led to the conclusion 
that these criteria of response can be recognized as early and probably as 
frequently in living material as in sections. 

The epithelium of control explants after 48, 72 or 96 hr in vitro is nearly 
always of simple cuboidal form, two or three cells thick, resting on a base- 
ment membrane (Pl. 2, fig. 9; compare Pl. 1, fig. 2). In one or two explants 
after 72 or 96 hr occasional flattened cells are observed between the upper 
and lower layers of cuboidal cells, or a few of the superficial cells are slightly 
swollen, but this is the only change noted as a result of cultivation in the 
control medium. 

The epithelium of oestrogen-treated explants shows varying degrees of 
response. On a single explant the epithelium in some regions may be like that 
of the control explants, in others it may show slight stratification, and in others 
many stratified and keratinized layers. There are differences between explants 
in the time at which the various degrees of response are reached, but no con- 
sistent difference of this nature was found between treatments with different 
oestrogens. The following description refers to the typical appearance in those 
parts of the explant with the most advanced response. 

At 48 hr most of the explants show some differentiation of the simple 
epithelium. The earliest sign of this is a change in the appearance of the super- 
ficial cells and the appearance of the flattened cells beneath them. The super- 
ficial cells are swollen, and cubical, columnar or conical in shape, with clear 
cytoplasm and densely staining oval nuclei. They may give the surface of the 
epithelium an undulating appearance (Pl. 2, fig. 10; compare Pl. 1, fig. 5). 
Immediately below the superficial layer are one or more layers of flattened cells 
which are derived from the cubical stratum germinativum. The next change, 
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observed at 48 or 72 hr, is a great increase in the number of stratified layers, in } 


which the cells become more and more flattened as their distance from the 
stratum germinativum increases (PI. 2, fig. 11; compare PI. 1, fig. 4). The super- 
ficial layer of cells usually appears less swollen at this stage, and has very dense 
nuclei; it seems likely that the cells have shrunk during fixation. The succeeding 
stage of keratinization of the stratified layers is reached by 72 or 96 hr (PI. 3, 
fig. 12), although occasionally it is complete at 48 hr (Pl. 3, fig. 13). The latest 
stage which is noted in living explants, that of the breaking away of keratinized 
layers, is not usually seen in sections because the loose cells are lost during 
fixation and subsequent washing of the explants. 

No striking changes were observed in mesodermal tissues of control or 
treated explants. 


The vagina of the 6-day-old mouse and tts response to oestrone 

Previously few studies have been made of the vagina of the immature mouse. 
The belief is widespread that the vagina of the pre-pubertal mouse consists of 
a solid cord of cells (Zuckerman, 1940; Gowen & Heidenthal, 1942). Rietschel 
(1929), however, states that the canalization of the vaginal primordium takes 
place from the cervix towards the vulva, and that complete opening may not 
occur until 6 weeks of age. In the newborn, the lumen, where it exists, is lined 
with a layer of high columnar cells, having elongated nuclei placed at different 
heights above the basement membrane. Bourg (1931) studied the action of 
subcutaneously injected oestrogens on the genital tract of 6-day-old mice. The 
vagina responded in 4 days and showed keratinization occurring beneath a 
superficial mucified layer of cells. Thus the response is comparable with that in 
adult mice (Biggers, 19535). 

In the 6-day-old mice examined by us the vagina consists of an epithelial 
lined tube for most of its length, while near the vulva it consists of a solid cord 
of cells. The epithelial lining is one to two cells thick, of either cuboidal or 
columnar form (Pl. 3, fig. 14). In some regions a distinct two-layered appear- 
ance is seen, and sometimes mitotic figures may be observed. The basement 
membrane is distinct, although it does not react in the periodic acid Schiff 
(PAS) technique. The connective tissue is embryonic in type containing loosely 
packed cells. The same histological picture is seen at 12 hr after the first in- 
jection of oestrone. In a few sections the basement membrane is slightly 
PAS-positive, and some PAS-positive material may be seen lying just beneath 
the superficial cells of the epithelium. Leucocytes lie beneath the basement 
membrane or in the epithelium. At 24 or 36 hr some reaction is indicated by a 
slight stratification, and the development of a distinct superficial layer with 
dense nuclei (Pl, 3, fig. 15). No extensive regions of PAS-positive material are 
seen, although there are small aggregates beneath the superficial layer. At 
48 hr stratification is present with a distinct stratum germinativum. There is 
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a characteristic superficial layer, beneath which are the stratified layers (PI. 3, 
fig. 16). Small patches of intensely PAS-positive material are seen in this outer 
layer, and small aggregates of PAS-positive material are present in the 
stratified layers. At 60 hr the structure of the epithelium is similar to the 
structure at 48 hr, except that the outer stratified layers are keratinized, as 
shown by their affinity for picric acid (Pl. 3, fig. 17). The mice killed at 72, 84 
and 96 hr all show similar responses to those killed at 60 hr. 

These results show that the response of the vagina of the 6-day-old mouse is 
similar to that of the adult. However, several important differences may be 
noted. The superficial layer, beneath which stratification and keratinization 
occur, develops much less PAS-positive material than in the adult. The final 
morphological response seems less than in the adult, and also shows a distinct 
gradient along the length of the vagina, being much greater in the lower part. 
The latter finding agrees with the observations of Bourg (1931). 

A comparison of the histology of the vagina in vivo with that of the explants 
(e.g. Pl. 2, fig. 9, with Pl. 3, fig. 14; Pl. 2, fig. 11, with Pl. 3, fig. 16; Pl. 3, 
fig. 13, with PI. 3, fig. 17) shows that the response to oestrogens is very similar. 
The main differences noted are the slightly greater thickness of the epithelium 
of the vagina im vivo at each stage of differentiation, and the shape of the 
stratum germinativum, which is columnar more often than cubical. Both these 
differences might be due to the fact that in the explants the epithelium is no 
longer confined to the lining of a tube but is spreading out to surround the 
mesodermal tissue. 

Quantitative studies with oestrone 

Three experiments, nos. 5-7, have been carried out to determine the relation- 
ship of morphological changes in the isolated vagina to doses of oestrone. In 
the previous experiments doses of about 10-*.g of oestrogen were used. In 
these experiments successive regions of the dose scale have been investigated, 
covering in all a range of 10-* .g to 6 x 10-* ug of oestrone per culture. Controls 
were set up in every experiment to detect the presence of extraneous oestrogens. 
In each experiment the vagina from each animal was cut into six rings, and 
the rings allotted at random to the dosage groups. Full randomization was 
employed, the material not being divided into blocks corresponding to each 
animal, Observations were made on the living explants at 48, 72 and 96 hr. 

Scoring criteria. The following morphological changes have been examined: 
keratinization, swollen superficial cells (‘mucification’), stratification, fibro- 
blast outgrowth and epitheliocyte outgrowth. In each case the response has 
been scored on an arbitrary scale defined in Table 3. 

Keratinization. Keratinization is the accepted end-point for the response of 
the vagina to oestrogens, and the quantal nature of this response has been 
recently demonstrated (Biggers & Claringbold, 1954c). In the present work, 
therefore, it was decided to examine first the percentage of living explants 
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showing keratinization. Inspection of the data showed an abrupt change 
between the 7-8 x 10-*yug and the 3-9 x 10-* wg dose levels. 

The observations were divided into four groups, designated A, B and C and 
Controls. Each major group includes a number of treatment groups receiving 
different levels of oestrone. Group A comprises all the explants of Expt. 5, 
excluding controls, at five different dose levels of oestrone: 10-*, 5x 10>, 
2-5 x 10-8, 1-3 x 10-8 and 6-3 x 10-*yg. Group B includes all explants, except 
controls, from Expt. 6, and explants from the two highest dose levels in Expt. 
7: 5x10, 25x10, 13x10, 63x10, 31x10, 16x10 and 
7-8x 10-* ug. The division into groups A and B of the dose levels producing 
keratinization was adopted because of a change in the /ogarithmic interval 


TaBxe 3. Scoring criteria adopted in the qualitative examination of explants 


Criterion Scores allotted 
Keratinization Absent: 0. Present : 1. 
Mucification Absent: 0. Present: 1 
Stratification None: 0. 2-3 flattened layers: 1. 4-6 flattened layers : 2. 


>6 flattened layers : 3 


Fibroblast outgrowth §§ None:0, Fewcells: 1. 2-3 regions: 2. Many regions : 3. 
Extensive : 4 


Epitheliocyte outgrowth None: 0. Few cells: 1. 2-3 regions: 2. Band all round : 3. 
Extensive sheets : 4 


TABLE 4. Mean value of percentage of explants showing keratinization and 
mucification at the three times of examination | 


Keratinization _Mucification 
Group Dose of oestrone 48hr 72hr hr 48hr 72hr hr 
A 6-3 x 10-108 pg 00 26 536 863 1000 1000 
B 78 x 10-*-5-0 x 10-4 yg 0-0 425 632 976 1000 541 
6-3 x 10-*-3-9 x 10-* ug 00 00 00 28 553 631 
Control oe 00 00 008 56 00 278 


between doses which occurred between Expts. 5 and 6. Comparisons of groups 
A and B test the hypothesis that all these dose levels produce the same degree 
of response. Group C includes explants from the remaining seven dose levels, 
excluding controls, in Expt. 7: 3-9x10-*,'2x10-, 1x10-*, 49x 10-’, 
2-4 x 10-7, 1-2 x 10-7 and 6-1 x 10-* xg. The fourth group comprises the control 
explants from the three experiments. 

The percentage of explants in each group which are keratinized after 48, 72 
and 96 hr of cultivation is shown in Table 4. At 48 hr keratinization is not 
observed in any group. Although it is obvious that for doses below 7-8 x 10-* yg 
the response, being zero, is homogeneous, it is necessary to test the homo- 
geneity of the responding groups A and B. Since the data were obtained on 
different days with the same explants, the results are correlated within each 
dose group, and a separate analysis has been done for each day. The homogeneity 
of these results has been examined by a x? test, and the results are shown in 
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Table 5. The x* value for the observations at 72 hr is not significant and in- 
dicates that the variation in percentage keratinization is that of random 
sampling about a common mean value. The x? value for 96 hr is of borderline 
significance. Further examination of the data shows that there is no trend in 
: either of the responding groups A and B, nor is there any significant difference 
between the mean percentages in each group, and that the high y* value is due 
to excessive variability in one of the groups. The results show that there is no 
observable response obtained with doses below 3-9 x 10-* ug. There appears to 
be a dose-response relationship between 3-9 x 10-* wg and 7-8 x 10-* wg. How- 
ever, only 50-60% of cultures respond at the higher levels. This upper limit of 
response is probably caused by failure of the explants to establish themselves 
‘on the clot in a fully functional state rather than a direct insensitivity of the 
original tissue to oestrogen. For example, in some healthy explants there was 
a tendency for the stratified epithelium to become dedifferentiated and form an 
pitheliocyte outgrowth. 


TasiE 5. Tests of homogeneity of the percentage of keratinized and percentage of mucified 
explants. In this and subsequent tables the significance levels are indicated thus: 
*0-05 > P >0-01; **0-01>P >0-001; ***P<0-001 


Keratinization Mucification 
"72 br 96 br 48 hr 72 br 96 hr 
Groups A and B = 8°75 = 21-81* = 7°48 = 25-82** 
Groups C x =0 =0 Xie) =6°34 = 2-94 xfs) = 3-26 


Mucification. The response by the development of a swollen superficial layer, 
which for convenience will be referred to as mucification, was examined in the 
same way as the keratinization response. The data are summarized in Table 4, 
and the results of homogeneity tests are given in Table 5. At 96 hr groups A 
and B together are heterogeneous. Since there is 100% mucification in group 
A at 96 hr the x* value is partly due to variation within group B and partly 
due to the difference between the two groups. Further analysis shows that the 
x* value for the difference between A and B to be x4)=6-71 and that for 
variation within group B to be xfj,= 19-11 (P<0-05). Since the latter value 
is also heterogeneous the significance of the comparison between groups A and 
B must be in doubt. If allowance is made for the heterogeneity, A and B do 
not test as significantly different (Fj, 1,=3°51, P>0-05). The variation 
within group C is that of random sampling about a common mean value with 
a binomial distribution. The mean percentage values show that the dose- 
response relationship for mucification is similar to that found for keratinization. 
At 96 hr the percentage showing mucification is probably independent of dose. 
Thus, effective doses of oestrogen increase the amount of mucification in the 
early stages of growth. 

A characteristic difference between lower and higher dose levels is the extent 


f 
é 
| 
4 


508 J. D. BIGGERS AND OTHERS 


of mucification. With low doses an occasional mucified cell is seen and in this 
work recorded as positive, while with large doses strips of mucified cells are 
seen. 

Stratification. Table 6 summarizes scores for stratification. In this table 
the mean values are weighted according to the number of observations on 
which they are based. The individual scores were not analysed since little is 
known of their distribution, but in the analysis of mean scores it is reasonable 
to assume normality. Each mean is based on four to six explants since, in 
some groups one or two explants failed to develop, and therefore an exact 
analysis should be weighted according to the number of observations. Equal 
weight has been used to simplify computation, and it is reasonable to assume 
that the loss of information is small. | 


Taste 6. Weighted mean values for stratification, fibroblast and epitheliocyte 
outgrowth at the three times of examination 


Epith 
Stratification Fibroblast outgrowth outgro 


Group 72hr 96br 48hr 72hr 96hr 48hr 72hr 96 hr 


A 1-7 2-4 2-7 0-9 1-9 2°5 1-6 2-5 2-8 
B 1-8 2-4 2-8 1-1 1-7 1-8 1-6 2:3 3-1 
06 10 1-6 1-9 1-4 2-0 2-4 


Control OF2 O38 1-6 1-9 1-0 1-7 2-4 


TaB_e 7. Analysis of variance of the mean scores for stratification, fibroblast 
outgrowth and epitheliocyte outgrowth at 48, 72 and 96 hr 


Mean square 


Fibroblast Epith 
Stratification outgrowth outgro 


cr 


1 001 0-00 0-08 0-10 0-12 161* 000 O13 0-26 


10-18*** 17-77*** 20-64*** 0-00 0-09 0-22 0-22 0-62 # 1:62** 


1 0-27 0-00 0-13 0-17 1-00*** 1:37*** 0-93** 3-02** 0-41 
1 002 0-09 0-05 0-02 0-00 0-52 001 000 0-02 


14 007 0-09 0-12 0-04 0-11 0-21 013 027 018 
Comparisons described in text. 


variation 48 hr 72 hr 48hr 72hr 48hr 72hr 
I 

It 

IV 

Error 


A separate analysis has been carried out for each day, since repeated 
observations on the same group are not independent. There are 18 degrees of 
freedom for comparisons between the responses to the nineteen dose levels. 
Four orthogonal comparisons have been isolated, and tested for significance 
against the residual sum of squares corresponding to the 14 remaining degrees 
of freedom. The analysis of variance is shown in Table 7. Comparison I is 
between the responses of the explants in groups A and B. Comparison II is 
between the responses of groups A +B and group C. Comparison III is a test 
of linear regression in the responses of group C, and comparison IV is a test of 
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linear regression in the responses of group B. A component for linear regression 
in group A was not included as it was considered of no interest in groups 
having such large doses of the hormone. 

The analyses show that only comparison II is significant and this is very 
highly significant at each observation time. Thus, the differences of response 
between groups A and B are those of random sampling, and a dose-response 
line lies in the interval between the groups A+B and C. Also, the mean values 
of groups A+B increase between 48 and 96 hr. 

Fibroblast outgrowth. The data for fibroblast outgrowth are summarized in 
Table 6 and analysed in Table 7, in the same way as those for stratification. 
The borderline significance of comparison I at 96 hr indicates a possible 
temporal variation in response. Although comparison II is not significant on 
any day, comparison III is significant at 72 and 96 hr. These results indicate 
that in group C an increase in dose causes decreased fibroblast outgrowth, 
while the mean response in groups A+B does not differ from the mean re- 
sponse in group C, 

Epitheliocyte outgrowth. Table 6 shows the data for epitheliocyte outgrowth 
and Table 7 the analysis of variance. At 96 hr comparison II is significant, 
indicating that oestrogens stimulate epitheliocyte outgrowth after a lag period. 
Comparison ILI is significant at 48 and 72 hr, indicating a regression similar to 
that for fibroblast outgrowth. 


DISCUSSION 


Morphological aspects 
The results presented above show that eleven different oestrogens, including 
both natural hormones and synthetic compounds, can act on isolated rings of 
the vaginal epithelium of the mouse to produce stratification and keratiniza- 
tion. Similar responses have been described in explants of ‘organized’ vaginal 
tissue from the guinea-pig and rat, treated with oestrone (Coujard, 1943) and 
from the rat treated with oestradiol-3 : 178 (Kahn, 1954). In all these experi- 
ments the oestrogens caused changes in vaginal epithelium which was attached 
to a basement membrane and through it to some underlying mesodermal tissue. 
It is not known whether stratification or keratinization would occur in intact 
epithelium separated from mesoderm, but there is no evidence of this differen- 
tiation in the epitheliocyte outgrowth. Thus the typical vaginal response to 


oestrogens is confined to the areas of ‘organized’ growth in tissue cultures, and 
this may explain the negative results of some authors who possibly looked for 
changes only in the ‘unorganized’ outgrowth. It is possible that a marked 
decline in competence to react to oestrogens is one of the physiological changes 
which accompany the morphological dedifferentiation of these epithelial cells. 

The tissue culture technique permits the study of the behaviour of the 
superficial ‘mucified’ cells in the living state. Among many interesting 


‘ 

4 


510 J. D. BIGGERS AND OTHERS 


features is the presence of intercellular bridges, not previously reported in 
these cells. Intercellular bridges are found in the stratum spinosum of the 
mammalian epidermis and the corresponding layers of other keratinizing 
epithelia, but their occurrence in the superficial layer is rather unexpected. 
They strongly resemble bridges noted in other living epithelia in tissue culture 
(Hardy, unpublished observations). Pease (1952), from electron microscope 
studies of epidermis, concluded that these structures are more probably 
intracellular than intercellular. Whether this is so or not, the observations in 
tissue culture suggest that the bridges do exist as protoplasmic strands in the 
living state, despite the statement in a recent review on the epidermis (Medawar, 
1953) that they are probably fixation artifacts. 

The morphological response of the vaginal epithelium in tissue culture is 
very similar to the response obtained in vivo following the subcutaneous and 
intravaginal injection of oestrogens into ovariectomized mice (Biggers, 19535). 
The cells of the epithelium proliferate and give rise to a stratified epithelium 
beneath a superficial layer of cells which do not flatten or become keratinized. 
In vivo the superficial layer becomes mucified and degenerate, but om vitro it 
does not degenerate and only gives a weak PAS reaction. It is clear from these 
observations that the superficial cells have different properties and potentialities 
from those cells newly produced from the stratum germinativum under the 
action of oestrogens. These new cells have the ability to synthesize keratin 
while the superficial ones do not. Furthermore, the changes which occur in 
the superficial cells depend upon their ynvironment. These findings are of 
interest in the study of the mechanism of keratin synthesis (Hardy, 1949, 1952; 
Biggers, 19536; Bern, 1954). Further cytological and cytochemical studies on 
the vaginal response are required. 


Mode of action of oestrogens 

The effect of oestrogens on isolated fragments of the vaginal epithelium 
demonstrates that oestrogens may act directly on the responsive tissues. The 
direct action of true oestrogens on the vagina has hitherto been inferred from 
experiments in mice having double vaginal pouches (Emmens, 1942). 

Four theories have been advanced in recent years to explain the mode of 
action of oestrogens. Szego & Roberts (1953) and Roberts & Szego (1953) have 
suggested that oestrogens have to be ‘activated’ by the liver before they exert 
their action. Closely related to this thesis is the theory of Fishman (1951) that 
the oestrogens are conjugated with glucuronic acid, possibly in the liver, before 
they exert their action. Our results demonstrate that if such changes are 
necessary for the primary action of both natural and synthetic true oestrogens, 
then they occur in the vagina itself. It is necessary to emphasize, however, 
that our results do not preclude systemic factors being involved in the 
mechanism of oestrogen action in the entire animal, under conditions where 
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the oestrogens have first to pass through the body to reach the target organ. 
Recent work has shown that systemically administered oestrogen can potentiate 
the action of locally injected oestrogen (Claringold & Biggers, 1955). 

The third theory of the mechanism of oestrogen action is that of Champy, 
Coujard & Demay (1950), who believe that the oestrogens act on the vagina 
via autonomic nerve endings which are intimately related to the basal cells of 
the epithelium. Their thesis is based on tissue culture and grafting experiments, 
and also on results obtained after the local application of adrenaline and 
acetylcholine. Our experiments provide no evidence which supports or con- 
tradicts this theory. Since the vaginal rings consist of epithelium together 
with its supporting connective tissue it is impossible to define the exact point 
of action of the hormone, although it is clear that the primary action is some- 
where in the vaginal tissue. The work of Allen, Smith & Gardner (1937) and 
Biggers & Claringbold (1954d) shows that a very early change after the 
administration of oestrone is stimulation of mitosis in the cells of the stratum 
germinativum, and it seems likely that these cells are the ones primarily 
affected. 

The fourth theory is that of Hechter, Lev & Soskin (1940), who believe that 
the mode of action of oestrogens is by the production of increased blood flow to 
the organ. Robson (1949) questioned this theory, since he produced cornifica- 
tion of the vagina transplanted into avascular regions of the cornea. Since 
oestrogens act in tissue culture the theory cannot be correct. 

Quantitative studies 

Preliminary dose-response studies show that for one-sixth of a mouse vagina 
in tissue culture the median effective dose (M.E.D.) of oestrone is somewhere 
between 3-9x 10-*yug and The m.z.p. for intravaginal admini- 
stration of ovariectomized mice under optimum conditions is 2x 10-‘*yg 
(Biggers & Claringbold, 19544). It thus appears that in tissue culture a given 
dose of oestrone is at least ten times as effective (per whole vagina) than in 
vivo. With a more refined technique it may be possible to study quantitatively 
the action of these minute amounts of oestrogen in isolated systems and thus 
gain an insight into the effects of the hormones at a cellular level. 

The experiments described fail to give a clear-cut picture of the effect of 
oestrogens on the quantity of fibroblastic or epitheliocytic outgrowth. At the 
dose levels just below those effective for vaginal epithelium it appears that 
increasing concentrations of oestrogen depress the outgrowth of both fibroblasts 
and epitheliocytes. However, at the higher dose levels this trend does not 
continue, and there is some evidence for a stimulating effect of the oestrogens. 
This question, which is subsidiary to the main purpose of the present paper, 
requires further investigation using one of the more ne methods of 
measuring the extent of the outgrowth. 
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SUMMARY 


1. Explants obtained by transverse sectioning of vaginae of immature mice 
have been cultivated in hanging drops of a medium comprising chicken 
embryo extract and capon plasma. Addition of natural oestrogens, synthetic 
oestrogens and certain of their conjugated forms to this medium causes the 
vaginal epithelium to proliferate, stratify and keratinize. The unorganized 
epithelial cells of the outgrowth do not undergo this change. 

2. This change is a characteristic feature of the response of ovariectomized 
mice to either the systemic or the local administration of oestrogens. The 
response has been found identical in all main features with that of the vaginae 
of immature mice to the subcutaneous administration of oestrone. 

3. A theory of oestrogenic action based on the direct action of oestrogens 
on the cells of the vagina is strongly supported by this study. The evidence is 
more direct than that from experiments involving animals with double vaginal 
pouches. 

4. The effective dose of oestrogen in tissue cultures is considerably lower 
than that required to produce responses in ovariectomized mice. The dose may 
give a measure of the true competence of the cells of the vaginal epithelium to 
respond to oestrogen. 
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EXPLANATION OF PLATES 


Fig. 1. Living explant of vagina of a 6-day-old mouse from Expt. 1 of Table 1 after 72 hr cultiva- 
tion in medium containing 6 x 10-* yg oestradiol-3:178, showing epithelial border (Zp) and 
an outgrowth of epitheliocytes and fibroblasts. 

Fig. 2. Living explant of vagina of 6-day-old mouse from Expt. 1 of Table | after 48 hr cultivation 
in control medium, showing simple epithelium of two to three cell layers, and distinct base- 
ment membrane (BM). 

Fig. 3. Living explant of vagina of 6-day-old mouse from Expt. 1 of Table 1 after 48 hr cultivation 

. in medium containing 6 x 10-*.g oestradiol-3:178, showing clear superficial cells and un- 
dulating epithelial surface. 

Fig. 4. Living plant of vagina of a 6-day-old mouse from Expt. 1 of Table 1 after 72 hr cultiva- 
tion in medium containing 6 x 10-* yg oestradiol-3:178, showing cuboidal cells of the stratum 
germination (S@), stratified layers (St) and superficial cells (Su). 

Fig. 5. Living explant of vagina of a 6-day-old mouse from Expt. 1 of Table 1 after 96 hr cultiva- 
tion in medium containing 6 x 10-* ug oestradiol-3:17 8, showing stratum germinativum (SC), 
stratified layers (St) and superficial cells (Su). 

Fig. 6. Surface view of the superficial cells in the same explant as shown in Pl. 1 fig. 4, after 
96 hr cultivation. Polygonal cell outlines with intercellular bridges (JB) are seen. 
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Fig. 7. The same explant as shown in PI, 1, fig. 4, after 96 hr cultivation, showing stratum ger- 
minativum (S@), statified layers (St), and superficial cells (Su), in ordinary light. 

Fig. 8. The same field as PI. 2, fig. 7, in polarized light, showing marked birefringence in stratified 
layer only. 

Fig. 9. Section (8 u) of explant of vagina of a 6-day-old mouse from Expt. 2 of Table 1 cultivated 
for 48 hr in control medium, showing simple epithelium. Haematoxylin, eosin and picric 
acid. 

Fig. 10. Section (8 ») of explant of vagina of a 6-day-old mouse from Expt. 2 of Table 1 cultivated 
for 72 hr in medium containing 10~* ~g oestrone, showing swollen superficial cells and a few 
flattened cells, Haematoxylin, eosin and picric acid. 

Fig. 11. Section (8) of explant of vagina of a 6-day-old mouse from Expt. 2 of Table 1 after 
48 hr cultivation in medium containing 10-*yg oestrone, showing superficial cells, many 
layers of flattened cells (stratified layers) and cuboidal stratum germinativum. Haema- 
toxylin, eosin and picric acid. 
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Fig. 12. Section (8) of explant of a vagina of a 6-day-old mouse from Expt. 2 of Table 1 after 
72 hr cultivation in medium containing 10-*yg oestrone, showing superficial cells, thin 
keratinized layer, stratified layers and stratum germinativum. Haematoxylin, eosin and 
picric acid. 

Fig. 13. Section (8) of explant of vagina of a 6-day-old mouse from Expt. 2 of Table 1 after 
48 hr cultivation in medium containing 10-*yg oestrone, showing superficial cells, thick 
keratinized layer, stratified layers and stratum germinativum. Haematoxylin, eosin and 

Fig. 14. Section (8) of vagina of mouse, 6 days old, immediately after subcutaneous injection 
of 5 x 10-1 ug oestrone, showing simple epithelium. Compare with Pl. 2, fig. 9, and Pl. 1, 
fig. 2. Haematoxylin, eosin and picric acid. 

Fig. 15. Section (8 z) of vagina of mouse, 6 days old, treated with one subcutaneous injection of 
5 x 10-" ug oestrone and killed 24 hr later, showing thickened epithelium with slight stratifica- 
tion and a superficial layer with densely stained nuclei. Haematoxylin, eosin and picric acid. 

Fig. 16. Section (8) of vagina of mouse, 6 days old, treated with two subcutaneous injections 
of 5x 10-' yg oestrone and killed 48 hr after the first injection, showing superficial cells, 
stratified layers and stratum germinativum. Compare PI. 2, fig. 11, and Pl. 1, fig. 4. Haema- 
toxylin, eosin and picric acid. 

Fig. 17. Section (8) of vagina of mouse, 6 days old, treated with two subcutaneous injections 
of 5x 10-* yg oestrone and killed 60 hr after the first injection, showing superficial cells, 
keratinized layer, stratified layers and columnar stratum germinativum. Compare PI. 3, 
fig. 13. Haematoxylin, eosin and picric acid. 
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THE EFFECT OF Nat DEPLETION ON THE Na*:K* RATIO 
OF THE PAROTID SALIVA OF THE SHEEP 


By D. A. DENTON* 
From the Department of Physiology, University of Melbourne 


(Received 18 April 1955) 


It is well known that the continued removal of gastric juice from animals or 
man does not radically alter the composition of the juice (Dragstedt & Ellis, 
1930; Katsch & Mellinghoff, 1933). This was found despite the loss of up to 
half the body chlorides (Lim & Ni, 1925-6). _ 

McCance (1938) reviewed the literature on the effect of salt deficiency on the 
electrolyte composition of body secretions. In his own experiments he pro- 
duced depletion by a deficient diet and repeated sweats. The depletion was 
great enough to reduce the extracellular chlorides of his subjects by 40-50%. 
He found that in mixed saliva, gastric secretion and sweat there was a fall in 
Na* concentration and a rise in K* concentration. However, the changes in the 
first two were small, i.e. roughly reciprocal changes in Na* and K* of about 
5-10 m-equiv/l. In the case of sweat glands, the Na* and Cl loss in each epi- 
sode decreased with increasing depletion. Whereas initially 150-180 m-equiv 
Na* were lost each time, finally (7th-8th day) only 60-80 m-equiv were lost in 
show the same volume. There was a small gradual rise (5-10 m-equiv) in the 
K™ loss. 

Gross Na* depletion has been produced in dogs by pancreatic fistulae 
(Gamble & McIver, 1928; Hartmann & Elman, 1929; Johnston & Ball, 1930). 
The total base concentration of the pancreatic secretion decreased as the total 
base of the plasma decreased. The observations of Johnston & Ball (1930), 
though not conclusive on this point, indicate that there was no rise of K* in the 
pancreatic juice as the animal became Na* depleted. 

This paper is concerned with reporting a rather striking relation between 
the electrolyte balance of the sheep and the composition of parotid gland 
secretion. 

The normal sheep secretes 4-8 1. of alkaline parotid saliva each day. This 
buffers the products of bacterial fermentation in the rumen. The transplanta- 
tion of one parotid papilla and duct on to the cheek permits the subtraction of 


* Aided by a grant from the National Health and Medical Research Council. 
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2-3 |. of this fluid each day. Given adequate replacement of Na*, a sheep with 
such a fistula remains in good condition indefinitely. If Na* is withheld a large 
negative Na* balance is rapidly produced. In the course of electrolyte balances 
made to study the response of the kidney to the Na* depletion so produced, it 
was observed that, by the time the animal was depleted of 500-800 m-equiv 
of Na* ion, the parotid saliva had changed from a predominantly Na* secre- 
tion to a predominantly K* secretion. 


METHODS 
Cross-bred Merino sheep were used. 

Each sheep was put in a stainless steel metabolism cage. The posterior section had a floor of 
2-5 cm stainless steel mesh. Below this a very fine stainless steel mesh sloped at 45° and led to the 
faeces collection bin. Urine passed through the fine mesh and ran down a stainless steel collecting 
well to a vessel below. Because of the nature of sheep faeces, separation of faeces and urine was 
virtually complete. The anterior portion of the cage also had a mesh floor, and saliva from the 
fistula dripped through this, and ran rapidly from a sloping catchment system into a container. 
There was a rubber dividing section, and the design was effective in preventing any significant 
contamination of either compartment. There was a food bin in front and a water bin at the side. 
A sheep can be kept indefinitely in such a cage. 

In the course of a balance experiment the sheep was on a constant diet. It was put on the diet 
at least 10 days before the experiment began. At the same time each day the saliva and urine 
were collected. The animal was given its supplementary electrolyte intake by way of a rubber 
tube passed into the rumen. It was weighed, blood was collected, and then it was fed. The electro- 
lyte composition of the diet was determined, and the constancy of the batch being fed was checked 
several times. When it was necessary, precautions were taken to ensure that the animal received 
the same dry weight each day, allowing for the variable water content of some plant foods. The 
sheep generally ate its 24 hr ration within 4 hr. Water was freely available and the intake was 
measured. The faeces were collected and analysed at appropriate intervals during the balance 
period. 

' Operative. Operations to make parotid fistulae and carotid loops were carried out under 
*Pentothal’ curare, cyclopropane and oxygen anaesthesia. The method of making a parotid fistula 
will be described in detail elsewhere. No experiments were made until a month after operation. 
Histological study of parotid glands from animals which were killed after having had a fistula 
for 2-6 months did not show any difference between the two sides. The sheep (P.F. 1—a 4-year- 
old cross-bred ewe), on which the bulk of the study reported in this paper was made, has had a 
fistula for 13 months. It has secreted over 100,000 m-equiv of Na*. Its present weight (34 kg— 
December 1954) is 2 kg heavier than before the fistula was made. 

Chemical methods. Na* and K* in urine and saliva were determined with a Beckman flame 
spectrophotometer (Wynn, Morris, Simon, McDonald & Denton, 1950). Chloride was determined 
in urine and saliva by the method of Volhard. 25 ml. aliquots of saliva were titrated and there was 
no difficulty in determining the end-point. The solutions were cooled before titration. 5 ml. ali- 
quotes of urine were gently heated with activated charcoal and transferred quantitatively through 
Whatman No. 41 filter-paper to a second flask before addition of 0-1 x-AgNO,, A.R. concentrated 
nitric acid, cooling and titration. Using this technique, the end-point was quite definite. Phos- 
phate in saliva was determined by the method of Fiske & SubbaRow (1925). All glassware used in 
chemical determinations was washed twice in distilled water. All determinations were made in 
duplicate and were repeated if agreement was not + 2%. The methods were frequently standard- 
ized to check that they would recover equivalent amounts of cation and anion from a standard 
solution, and that this recovery could also be made from the biological solutions. 
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Determination of the percentage loss of saliva during collection. During a 24 hr collection of saliva, 
volume loss might occur as a result of evaporation and as a result of ‘ wetting’ of the surface area of 
the collecting system. At the end of each balance the whole collecting well and mesh were washed 
with distilled water and the washings analysed. The electrolyte recovered was added to the total 
of electrolyte secreted, and as this total was divided by the volume of saliva actually collected, it 
follows that the concentrations of all electrolytes as expressed are too high by a factor equal to the 
percentage water loss. In order to determine the magnitude of this factor the following experi- 
ments were done. 

A large glass container was suspended 2 ft. above the mesh floor of the cage. A burette tap and 
dropper were used as the outlet, and the system was arranged to give a requisite number of drops 
of sheep’s saliva per minute and to drain completely. The drops fell through the mesh, drained 
along the sloping collecting system, and fell down the well into a filter funnel and collecting recep- 
tacle below. 

The results of three experiments are as follows: 

(1) Volume of saliva = 2 1. ; time of dripping = 30 hr; temperature in cage = 23° C; volume lost = 
62 ml. =3-1%. On this day the cage temperature was higher than is usual in our experimental 
room (15—20° C). 

(2) In this instance, the drops of saliva were allowed to run for 7 cm across a piece of sheep-skin 
and fall from the dependent point of this. The cage was wet with saliva before starting as was usual 
in any 24 hr balance period under consideration. Volume of saliva = 0-50 1. ; time of dripping = 23 hr; 
temperature = 19° C; volume lost = 35 ml. = 7%. 

(3) Conditions as in (2) except that the time was increased to 48 hr. Volume of saliva = 2-0 1.; 
loss = 90 ml. =4-5%,. 

In the course of twenty acute experiments in which right and left parotid ducts were cannulated 
and the saliva analysed (Coats, Denton & Wright, 1955, unpublished), the average Na* and K* 
composition found was Na* = 169 m-equiv/l., K* =7 m-equiv/l. McDougall (1948) gives an average 
composition of Na* = 177 m-equiv/l., K* =8 m-equiv/l., for sheep’s saliva collected from cannu- 
lated ducts. The Na* and K* sum of these figures is about 3-8 % lower than the composition as 
collected in our experiments under control balance conditions uncomplicated by additional 
electrolyte intake (Table 2, Section (a)). The evaporative water loss does not, however, bear upon 
the main point of this paper which is the Na*:K* ratio of the saliva, and no correction for it has 
been made. 


RESULTS 
The volume of saliva and electrolyte composition 
In order to establish a base-line for salivary composition with varying food 
intake but adequate electrolyte maintenance, a number of collections of saliva 
was made with the sheep on a different diet each time (Table 1). This com- 
parison indicates that: 

(i) In confirmation of the observations on horses (Colin, 1886; Scheunert & 
Trautmann, 1921) and oxen (Ellenberger & Hofmeister, 1887; Block, 1939), 
the activity of the parotid gland was related to the type of food eaten—i.e. to 
its physical properties and, as in the case of oxen, to the amount of rumination 
it provoked. There was very much less rumination when the animal was 
feeding on fresh lucerne alone. 

(ii) The rate of saliva secretion was not a simple function of electrolyte 
balance. In all the above experiments the Na* intake was adequate to counter 
the fistula loss. In all instances the urinary Na* excretion was 100 m-equiv/day 
or greater. 
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(iii) The composition of the saliva was virtually the same at the slow rate as 
at the fast rate. This is important in relation to what is to follow. 


Taste 1. The composition of sheep saliva in relation to the diet (Sheep P.F. 1) 
Period of Mean volume Mean composition (m-equiv 
pes position (m-eq 
Diet (days) daily pH Na* K* HCO, 
0-8 kg oaten chaff 12 3-17 8-5 178 16 17 18 140 
(water content 10%) 
0-3 kg fresh 
lucerne finely 
chopped (water 
content 65%) 
595 m-equiv NaHCO, 
Free access to water 


0-5 kg oaten chaff 6 2-68 — 180 12 ll 13 _— 
1-0 kg fresh lucerne 

595 m-equiv NaHCO, 

Free access to water 


1-0 kg fresh lucerne 4 1-47 — 180 14 12 — o 
595 m-equiv NaHCO, 
Free access to water 


The effect of withholding supplementary Na* intake 

The supplementary intake was withdrawn gradually (Fig. 1). The features 
are: | 
(i) There was a gradual decrease in the saliva volume. Whereas the average 
volume/day in the control period was 2-68 1., the average over the 11 days of 
Na* depletion was 1-71 ]. 

(ii) Commensurate with the negative Na* balance (1100 m-equiv were lost 
from the fistula in the first 3 days) the Na* concentration of the saliva 
decreased from 180 to 60-80 m-equiv/l. There was an almost equivalent increase 
in the K* concentration. It rose from 10 to 110-120 m-equiv/]. Thus the 
saliva retained its hypertonicity, and apart from a small increase of HPO,?- 
with an equivalent decrease of HCO, , the anion pattern also was unchanged. 

(iii) Within 48 hr of Na* withdrawal, the Na* excretion by the kidney was 
reduced to virtually nil. At the same time the renal K* excretion was greatly 
reduced so that on 8 of the 11 days, the urine K* concentration was less than 
plasma concentration—a quite uncommon finding. Thus, in the face of gross 
Na* depletion, the animal had ceased excreting Na* in the urine, greatly re- 
duced it in the saliva, and ‘transferred’ the large urinary K* excretion charac- 
teristic of the herbivora to the parotid secretion. 

Whilst it is the purpose of this paper to deal solely with the parotid gland, as 
distinct from analysis of adaptation in terms of total balance, it can be pointed 
out that in the later stages of depletion the animal was virtually in Na* 
equilibrium. The external balance showed that the fistula Na* loss was 
countered by the net Nat gain from food. This has been borne out by the 
frequent observation that a sheep with a fistula can survive for months if it be 
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given an adequate amount of the usual diet and access to rock salt or a dose of 
50 g of NaHCO, every 2-3 weeks. The parotid gland secretion then has a 
permanently high K* concentration. 

(iv) The sensitivity of this response to change of electrolyte balance was 
shown on the seventh morning of the withdrawal period (Fig. 1, day 13) when 
150 m-equiv of NaHCO, were given. There was a clear-cut change in the com- 
position of the saliva collected over the next 24 hr, whereas there was no 
change in urine composition (Fig. 1). The saliva Na* rose 14 m-equiv/l., and 
the K* fell 17 m-equiv/l. 


160! 


Total 479. 
m-equiv/day 


Fistula volume 


8.3.3 
Days 


Fig. 1. The effect of withholding the daily intake of 595 m-equiv of NaHCO, on the volume and 
Na* and K* concentrations of the parotid saliva. The Na* concentration fell, and the K* 
concentration rose, The change in daily excretion of Na* and K* by the kidney is also shown. 
Sheep P.F. 1. 


The effect of Na* depletion on the parotid saliva composition 
The observations recorded above have been extensively repeated in the 
course of total balance studies analysing the renal response of this animal to 
excess Na* subtraction. This is clearly shown in Table 2. Each section of this 
table is made up from a number of periods under identical conditions. The 
sections (c), (d), (e) and (f) differ from the first two sections (a) and (b) in that, 
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throughout the whole period of the balance, the animal was given 200 m-equiv 
of K* each day as KHCO,. This was done to avoid the situation of very low 
K* excretion (Fig. 1) in a group of renal studies being conducted at the same 
time. It had no effect on the characteristic salivary change during Na* 
depletion. Sections (b) and (e) show saliva composition as from the third day 
after withdrawal of the Na* supplement until the end of the withdrawal period. 
In all instances, by the end of the first 3 days of Na* withdrawal, the animal 
had a Na* deficiency of over 500 m-equiv. 

Table 2 shows: 

(i) An unequivocal difference between Na* : K* ratio of saliva during 
control (sections (a) and (c)) and during Na* depletion (sections (b) and (e)). 

The periods of transition in the balance (sections (d) and (f)) show an 
intermediate composition. This commensurate relation between Na* balance 
and saliva composition was clearly shown in the daily analyses from which 
this table has been compounded, in the same way as is shown in Fig. 1. The 
urinary Na* excretion reflected the state of Na* balance. In all control periods 
it was over 100 m-equiv/day, whereas during depletion it averaged 1 m-equiv/ 
day. During the transition periods (sections (d) and (/)) it showed an inter- 
mediate composition as did the saliva. 

(ii) The volume of saliva secreted during the depletion period was approxi- 
mately 11. day less than during the control period. However, rate of 
secretion and composition were not directly related. The daily volume under 
depletion conditions on an oaten chaff diet (section (e)) was greater than the 
daily volume under control conditions when the animal had only fresh green 
lucerne to eat (Table 1). This fact that changed composition was not directly 
caused by decreased secretion rate has been confirmed frequently in short- 
term experiments. Over the course of several hours the parotid saliva secre- 
tion rate in a sheep may vary 20-fold according as the animal is eating, 
ruminating, standing quietly or is intentionally frightened. The composition 
of the saliva of the animal in normal Na* balance remains constant over these 
large changes of secretion rate. 

(iti) The provision of 200 m-equiv/day of additional Kt intake during the 
control period resulted in the average K* concentration of the saliva being 
10 m-equiv/l. higher. The average Na* concentration was also 9 m-equiv/]. 
higher. Thus the osmotic pressure of the saliva was increased. 


The effect of a very large Na* intake on the composition of parotid secretion 
The control conditions were a daily diet of 0-4 kg lucerne chaff; 0-4 kg oaten 
chaff; 595 m-equiv NaHCO,; free access to water. 
Two types of experiment were made: 
(a) The daily Na* intake was doubled. 
(6) The animal was not fed for 4 days, during which time the saliva volume 
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decreased to 0-35 1./day by the last day. Thus the Na* intake, which was 
continued, was in large excess of fistula loss and there was a great increase of 
urine Na* excretion. In both instances there was a rise in the Nat: K* ratio 
of the saliva, mainly as a result of decreased K* concentration. The Na* con- 
centration in the first experiment remained unaltered. In the second, the 
average volume/day during the last 3 days of starvation was 0-5 1., and the 
average composition was Na* = 229 m-equiv/l.; K*=9 m-equiv/l.; Nat: K* 
ratio= 25. The control Na*:K* ratio was 15. 

Another feature of the experiment in which the Na* intake was doubled was 
that the daily volume of saliva decreased. Whereas in the control period an 
average of 2-81. was secreted each day, in the 4-day period of doubled 
NaHCO, intake the average was 2-0 l./day. This is interesting in view of the 
finding of Krasusky, Krynskaya and Kotlyarevskaya (1940) that intra- 
ruminal administration of organic and mineral acids stimulates parotid 
secretion in sheep with chronic fistulae. 


TaBLE 3, The effect of Na* depletion on the phosphate concentration of the saliva 


(Sheep P.F. 1) 
Saliva Total HPO;- Av 

No. of volume . HPO, #£«m-equiv/ m-equiv 

Condition of balance days (l./day) (m-equiv) day HPO,?-/1 
Control ; 12 2-78 409 34 12 
Na* depletion period ll 1-71 390 35 21 
period (increased HPO,*- 21 2-36 2044 97 41 
Net de period (increased 10 1-59 918 92 58 


HPO, 


The effect of Na* depletion on the phosphate composition of the saliva 

The phosphate concentration of the parotid secretion rose during Na* 
depletion. This rise was commensurate with the decrease of secretion volume 
so that the total phosphate secreted was unchanged. An increased phosphate 
intake caused an increased secretion of phosphate by the parotid (the animal 
was given 100 m-mole K,HPO, per day throughout a balance study). When 
Na* intake was withheld, the same relation held with ngere to concentration 
change and total secretion per day (Table 3). 


DISCUSSION 


The data recorded in this paper were derived from intensive study of one 
animal which has been used as its own experimental control. However, it is 
desired to emphasize that this phenomenon of reversal of cation proportions 
has been reproduced numerous times, without exception, in each of twenty 
sheep during the course of investigation of the cause of this parotid behaviour. 
Also in the studies of Nat depletion by the use of oesophageal fistulae, the 
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same change was seen in the mixed saliva as depletion occurred. It was observed 
in eight sheep, without exception, and the relation to Na* balance was shown 
in instances where isotonic saline was given intravenously during the course of 
the experiments (Denton, Wynn, McDonald & Simon, 1951; Denton, McDonald 
Munro & Williams, 1952). The figures presented in this paper do not represent 
the limit of change in saliva composition possible. In experiments, yet to be 
reported, on the effect of psychic stimulation in the context of altered electro- 
lyte balance, specimens with a composition of Na* =5-10 m-equiv/l., K* = 
150-170 m-equiv/l., Na*:K* ratio=0-03 have been collected. Thus the 
change to a secretion of K* may be almost complete. 

The experiments with large Na* intake suggest that the relationship between 
Na*:K* ratio of parotid saliva and the external Na* balance is continued to 
some extent on the side of a positive Na* balance. 

A reciprocal relationship between Na* and K* concentration in milk 
secreted by cows has been described (Barry & Rowland, 1953), but relation to 
external electrolyte balance has not been investigated. Gross Na* depletion in 
man has resulted from complete post-gastrectomy duodenal fistulae (Denton 
et al. 1951). The fluid lost from such a fistula is predominantly pancreatic 
secretion. As the patient became depleted of Na* the plasma Na* and fistula 
fluid Na* concentration decreased equivalently, but there was no rise of K* 
concentration of the secretion. 

Consideration of this phenomenon of parotid secretion in the light of 
knowledge of the effect of adrenal hormones on the ratio of Na*:K* in secre- 
tions will be the subject of discussion in a later paper. 


SUMMARY 


1, A sheep with a parotid fistula secreted 31. of alkaline saliva each day. 
The Na* concentration was approximately 180 m-equiv/l. and the K* con- 
centration 10 m-equiv/l. (Na*:K* ratio=18). With a normal diet, and 
adequate replacement of Na*, the sheep remained in good condition 
indefinitely. 

2. If Na* replacement were withheld, the animal became grossly depleted 
of Na*. The saliva volume decreased by approximately 1 |./day. The composi- 
tion of the parotid secretion changed. Na* concentration fell to 60 m-equiv/I., 
and K* concentration rose to 120 m-equiv/l. (Na*:K* ratio=0-5). 

3. There was a commensurate relation between the amount of Na* deple- 
tion and the Na*:K* ratio of the parotid saliva. 

4. During Na* depletion the phosphate concentration of the saliva rose. 
The total amount of phosphate secreted per day-was unchanged. 

5. During very large intake of Na*, the Nat:Kt ratio of the parotid 
saliva rose. 
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THE ACTION OF INSULIN ON THE PENETRATION OF 
SUGARS INTO THE PERFUSED HEART* 


By R. B. FISHER anp D. B. LINDSAY 
Department of Biochemistry, University of Oxford 
(Received 19 May 1955) 


Levine and his colleagues (Levine, Goldstein, Huddlestun & Klein, 1950; 
Goldstein, Henry, Huddlestun & Levine, 1953) have shown that insulin can 
increase the volume of distribution of galactose and of configurationally 
related sugars in the body fluids of eviscerated dogs and rats. Their work 
suggests that about half the body water is inaccessible to these sugars in the 
absence of circulating insulin, whereas the whole of the body water becomes 
accessible to them when insulin is administered. Since the sugars which 
exhibit this response to insulin have the same configuration of substituents on 
carbon atoms 1 to 3 as has glucose, there is ground for supposing that the 
behaviour of the sugars studied may bear on the physiological role of insulin. 

The effect of insulin on the volume of distribution of glucose has been studied 
by Drury & Wick (1951) using C-labelled glucose. Insulin has no detectable 
effect but, as these authors point out, this is not inconsistent with the con- 
ception that insulin acts by increasing the rate of access of glucose to the 
interior of cells: until the rate of access is increased to the point that it is no 
longer the rate-determining step in intracellular glucose metabolism there will 
be no appreciable rise in intracellular glucose content and therefore no increase 
in the volume of distribution of glucose. 

Tests of the Levine hypothesis have been made by Haft, Mirsky & Perisutti 
(1953) and by Park (1953), using isolated rat diaphragm. Haft et al. (1953) 
showed that insulin increases the rate of entry of galactose into the tissue as 
well as the rate of loss of glucose from the medium, but there is nothing to 
indicate whether these two effects are aspects of the same fundamental action 
of insulin. Park (1953) has examined the effects of high concentration of 
glucose and insulin on the glucose content of the diaphragm, and has found 
that the intracellular glucose content appears to rise in these conditions. This 

* A preliminary account of some of this work has appeared in the Proceedings of the Physiv- 
logical Society (J. Physiol. 1954, 124, 20-21 P). 

t Present address: A.R.C. Institute of Animal Physiology, Babraham, near Cambridge. 
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finding is the only one directly suggesting that insulin may exert its effect on 
glucose metabolism by increasing the access of glucose to the interior of cells: 
but it can only be harmonized with the failure of Drury & Wick (1951) to find 
an increase in total body glucose space after insulin by supposing diaphragm 
to be unrepresentative of skeletal muscle. 

The present work makes use of the surviving rat heart preparation of Bleehen 
& Fisher (1954) to test the relation between the effects of insulin on galactose 
penetration into the heart muscle cells and its effect on glucose utilization 
within them. If the two effects are dependent on a common action of insulin 
on penetration of sugars into cells it is to be expected that: 

(1) The concentrations of insulin below which there is no detectable effect 
and above which there is no increase in effect will be the same for galactose 
penetration and glucose utilization. 

(2) Galactose penetration will be diminished in the presence of glucose, and 
glucose utilization will be diminished in the presence of galactose, owing to 
competition of the sugars for the available insulin or for the common insulin- 
affected step in the two processes. 

(3) Insulin will increase in some degree the intracellular concentration of 
glucose as well as that of galactose. 

The work to be described is concerned with testing these expectations. 


METHODS 
Analytical procedures 

Glucose was usually estimated by the method of Hagedorn & Jensen (1923) in cadmium 
hydroxide filtrates (Fujita & Iwatake, 1931), as the difference between total reducing substance 
and that remaining after yeast fermentation by the procedure of Bleehen & Fisher (1954). In 
view of the possibility that this procedure might estimate reducing phosphoric esters as glucose 
some trials have been made with preparations of glucose-6-phosphate and fructose-6-phosphate 
kindly provided by Dr R. Hems and Dr P. W. Kent. Using concentrations of these esters sufficient 
to give apparent glucose concentrations equal to those found in heart extracts, it was found that 
only about 5% of the reducing substance appeared in cadmium hydroxide filtrates and that the 
reducing power of these filtrates was not lessened by yeast fermentation in our conditions. Some 
trials were also made of treatment of heart extracts with ZnSO, and Ba(OH),. This is more effective 
than cadmium hydroxide in removing glucose-6-phosphate and fructose-6-phosphate, but in 
parallel determinations on heart extracts the two precipitation procedures gave closely similar 
estimates of fermentable sugar. We therefore believe that the majority, if not all, of what we 
designate ‘glucose’ is truly glucose. In some experiments, in which a high concentration of 
galactose was present, glucose was estimated manometrically, using ‘notatin’ (Keilin & Hartree, 
1948) and measuring the oxygen absorption during the oxidation of glucose to gluconic acid. The 
‘notatin’ was a crude concentrate of medium in which Penicillium notatum has been grown (for 
which we are indebted to Dr N. G. Heatley), and was made by tenfold concentration of the 
medium in vacuo followed by precipitation at 4° with an equal volume of acetone. The precipitate 
was redissolved in a small volume of water and reprecipitated with acetone. After two further 
precipitations the acetone was removed in vacuo and the residue stored in the cold room. An 
aliquot of this, which could oxidize 5 mg of glucose in 3 ml. solution within 20 min, was used for 
each estimation. The preparation retained its activity for several weeks at 0°. Tests showed that 
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heart tissue perfused with glucose-free medium yielded no apparent glucose, and that galactose 
was not oxidized and did not inhibit the oxidation of glucose. These estimations were performed 
on cadmium hydroxide filtrates, and are not therefore likely to have been perturbed by the 
hydrolysing them. 

by the Hagedorn, Jenem, (1889) procedure to. codmium 
hydroxide filtrates from which the glucose hati been removed by yeast fermentation, as described 
by Bleehen & Fisher (1954). A correction was applied for non-galactose non-fermentable sub- 
stances. This is described in the Results section. 

Sorbitol was estimated by oxidation with sodium metaperiodate (NalO,, 3H,O: Hopkins & 
Williams) and titration of the acid formed. The theoretical yield of acid is 4 equivalents per mole 
of sorbitol, but this yield is obtained only when the metaperiodate concentration is very high, and 
in these circumstances all but the freshest metaperiodate solutions give a considerable blank 
titration. It has been found that the yield of acid is linearly related to the logarithm of the meta- 
periodate concentration, increasing by about 0-3 equivalent per mole for a tenfold increase in 
metaperiodate concentration. For the present work, in which 0-1—0-5 mg of sorbitol in 10 ml. 
was to be estimated, 1 ml. of 0-03 m metaperiodate was added to each 10 ml. aliquot. The blank 
titration was negligible. 

The procedure was: {1) Brom-cresol purple was added to 10 ml. solution of sorbitol, which was 
titrated to the turning point of the indicator, stirring with CO,-free air. (2) 1 ml. 0-03m meta- 
_ periodate was added, followed by 1 ml. ethylene glycol, The interval between these additions is 
not critical, since the reaction of sorbitol with metaperiodate is very rapid. The ethylene glycol 
removes excess metaperiodate. (3) More brom-cresol purple was added. The metaperiodate attacks 
the indicator. (4) The solution was titrated with x/200-NaOH whilst it was being stirred with 
CO,-free air. We have found it convenient to add to the solution a small amount of a carbonic 
anhydrase preparation, made by Meldrum & Roughton’s (1933-4) alcohol-chloroform method. 
In its presence the removal of CO, by the CO,-free air is sufficiently rapid to obviate the need for 
CO,-free NaOH. In these conditions 1 mg of sorbitol yields acid equivalent to 3-2 ml. x/200-NaOH. 

Lactate was estimated by the method of Barker & Summerson (1941). 

Glycogen was estimated by the method of Good, Kramer & Somogyi (1933). 

Inulin and chloride were estimated as described by Bleehen & Fisher (1954). 

Perfusion procedure 

Closed circuit perfusions of rat hearts were set up as described by Bleehen & Fisher (1954), with 
one modification. When the heart was removed from the animal it was placed in a dish of medium 
at room temperature, not at perfusion temperature, and it was then attached to a cannula con- 
nected to a reservoir containing saline at room temperature. After washing out the heart with this 


saline, the cannula was then transferred to a closed circuit apparatus containing oxygenated 
perfusion medium at 38° C. 


RESULTS 

The utilization of galactose. Hearts were perfused with medium containing 
galactose (150 mg/100 ml.) and insulin (2 mu./ml.). Galactose utilization was 
determined by the method described by Bleehen & Fisher (1945) for glucose 
utilization. Four hearts gave an estimated mean utilization of 1-9 + 1-5 mg/g 
dry wt./hr. The mean utilization of glucose in similar conditions is 44 + 2-6 mg/g 
dry wt./hr. 

Penetration of galactose in absence of insulin. Table 1 shows the time-course 
of galactose penetration into the heart. Hearts were perfused with medium 
containing 1000 mg galactose and 150 mg glucose per 100 ml. for different 


TaBl 


lengt 
perf 
spac 
amo 
| gala 
the 
TABL 
the 
fu 
we 
in 
at 
su 
4 
| T 
ce 
to 


INSULIN AND SUGAR PENETRATION 529 


lengths of time and the total non-fermentable reducing substance of heart and 
perfusate was then determined. The ratio of total cardiac non-fermentable 
reducing substance per unit weight of heart to the amount per unit volume of 
perfusate was taken as ‘apparent galactose space’. The ‘corrected galactose 
space’ is determined by subtracting from the cardiac reducing substance the 
amount of non-fermentable reducing substance found in unit weight of heart 
perfused with media similar in all respects, excepting that they are free of 
galactose. Table 2 shows that this correction is not appreciably dependent on - 
the nature of the medium perfusing the heart. 


TasLe 1. The time course of penetration of galactose into the rat heart during perfusion with 
medium containing 150 mg glucose and 1000 mg galactose per 100 ml. 


Galactose space (pl./g) 


Perfusion No. of cr 
time (min) expts. Crude Corrected 
17 1 597 525 
30 6 657 + 15 583 
60 7 686 + 27 620 
90 3 727 654 
TaBLE 2. Non-fermentable reducing substances in perfused hearts after 30 min periods of 
perfusion with various media 
Non-fermentable reducing 
Glucose Sorbitol Insulin No. of substances, as 
(mg/i00 ml.) (mg/100 ml.) (m-u./ml.) expts. (mg/g fresh ) 
600 3 0-77 
600 — 2 6 0-83 
600 1000 a 6 0-81 
600 1000 2 6 0-78 
150 1000 -— 6 0-66 
150 1000 2 6 0-82 
Mean of all determinations: 33 0-77 + 0-02 


The total water of perfused hearts is around 800p1./g. The data of Table 1 
therefore indicate that a large fraction of the heart water is penetrated by 
galactose in these conditions in as short a time as 17 min. After this time 
further penetration occurs slowly. 

Effect of insulin on the penetration of galactose. A perfusion time of 30 min 
was chosen for the study of the effect of insulin, because Table 1 shows that 
in the absence of insulin further penetration of galactose is occurring slowly 
at this time, although a fair proportion of heart water is still not penetrated 
by galactose. Experiments were first made with the same concentrations of 
sugar as used in the experiments just described, and with various concentra- 
tions of insulin in the perfusate. The results are given in col. 3 of Table 3. 
There is @ progressive increase in galactose space with increase in insulin con- 
centration up to 2 m-u./ml. the concentration found by Bleehen & Fisher (1954) 
to have maximal effect on glucose utilization. 

Effect of change in concentration of glucose and galactose on the penetration of 
galactose. The first line of Table 3 shows: (1) that in the absence of glucose the 
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extent of galactose penetration in the standard period of 30 min diminishes 
with increase in galactose concentration; and (2) that the presence of glucose 
in the medium at either of the galactose concentrations used markedly 
diminishes the extent of penetration of galactose. It may also be seen that by 
making the ratio of glucose to galactose in the medium sufficiently high the 
relation of the rates of penetration of galactose at the two concentrations 
chosen can be reversed. 


TaBLe 3. The effect of insulin on the penetration of galactose into hearts perfused with media 
containing different concentrations of galactose and glucose 


Perfusion medium 
Galactose (mg/100 ml.) ... 300 1000 1000 300° 
Glucose (mg/100 ml.) ... nil nil 150 600 
Galactose space (ml/g fresh heart) 

No insulin 783 (3)  672+4(8)  608+9(13) 515415 (7) 
0-02 m-n./mil. insulin 685+4(5) 62346 (9) 

0-2 m-u./ml. insulin 713413 (4) 63947 (4) 

2-0 m-u./ml, insulin 801 (3)  74846(6)  6844+9(8) 618+ 16 (6) 


20-0 m-u./ml. insulin 687410 (11) 6494165 (6) 


The figures in parentheses indicate the numbers of experiments: the estimates of error are 
standard errors of means. 


The effects of insulin on galactose penetration have been examined in these 
different conditions. It is found to increase penetration in all these conditions, 
except when the medium contains galactose alone in a concentration of 300 mg/ 
100 ml.; and in these conditions galactose appears to come into equilibrium 
with the whole of the heart water in 30 min, even in the absence of insulin. 
The galactose spaces at the end of 30 min are ranked in the same order when 
there is 2 m-u./ml. of insulin in the medium as when there is no insulin, and 
more detailed inspection of Table 3 indicates that the effect of insulin is 
independent of the presence of glucose. 

Effect of galactose on glucose utilization. The finding of interaction between 
glucose and galactose, described above, suggested that galactose might inter- 
fere with the utilization of glucose. Determinations of glucose utilization in the 
presence of 150 mg/100 ml. of glucose and of 2 m-u./ml. of insulin were there- 
fore made in the presence and absence of 100 mg galactose per 100 ml. The 
general procedure was that described by Bleehen & Fisher (1954), but the 
glucose was determined manometrically with the aid of notatin as described 
under ‘ Methods’. 

Table 4 gives the results of these experiments. Experiments were performed 
with two different calcium concentrations in the medium because it has been 
found in unpublished work that calcium concentration markedly altered the 


glucose utilization. The fact that galactose appears to depress glucose utiliza- 
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tion at both the calcium concentrations used suggests that its effect is not an 
accidental one peculiar to a particular ionic composition of the medium. 
Penetration of inulin and sorbitol into the heart. The relations between the 
glucose utilization effect and the galactose penetration effect of insulin dis- 
closed by these experiments suggested that insulin might increase the penetra- 
tion of glucose into the intracellular water of the heart. In view of the rate of 
consumption of glucose by the heart it appeared that this might be difficult 
to establish unless the amount of glucose in the extracellular water could be 
measured with some precision. Experiments were therefore made to deter- 
mine the extent of penetration of inulin and of sorbitol into the heart with 
a view to using them for this purpose. In six 30 min experiments with perfusate 
containing 150 mg glucose per 100 ml. the mean inulin space was 305 + 10 yl./g 
heart and in six similar experiments with sorbitol the space was 378 + 6yl./g. 
Taste 4. The effect of galactose on the rate of utilization of glucose by the rat heart perfused 
with medium containing 150 mg glucose per 100 ml. and insulin 2 mU/ml. The period of 
perfusion was 1 hr. Eight experiments in each set 
Glucose utilization (mg/g dry wt./hr) 


in presence of 
Ca conen, in Galactose 
perfusate No galactose 1000 mg/100 ml. 
0-63 mu 39-8+ 3-51 33-4+ 2-70 
1-26 mm 46-5+ 2-80 36-8 + 2-68 
Means 43-1 35-1 
Difference 8042-92 (P =0-01) 


Thus inulin penetrates into a smaller fraction of heart water than does sorbitol. 
Presumably it penetrates more slowly or not at all into some subfraction of the 
extracellular water. This could be the water of the connective tissue elements. 
The fraction of the heart water penetrated is consistent with the view that the 
sorbitol space is equal to the extracellular space. Other series of determinations 
of sorbitol space have been made and are shown in Table 5. This space is 
unaltered when the glucose concentration is raised to 600 mg/100 ml.; but it 
is reduced to about 350. in the presence of insulin. This finding is entirely 
consistent with the assumption of confinement of sorbitol to the extracellular 
space, since the increased metabolic rate of the tissue in the presence of 
insulin could well give rise to increase in total intracellular osmotically active 
material, with consequent increase in the proportion of intracellular to extra- 
cellular water in the tissue. 

Effect of insulin om glucose penetration into the heart. Hearts were perfused 
for 30 min with medium containing 150 or 600 mg/100 ml. of glucose and 
1000 mg/100 ml. of sorbitol in the presence and absence of 2 m-u./ml. of insulin, 
and the glucose and sorbitol spaces were determined. The results are collected 
in Table 5, and it is seen that, contrary to expectation, the effect of insulin on 
the total glucose space is marked. The effect on the difference between glucose 
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space and sorbitol space is even more striking. There can be no doubt, from 
these findings, that insulin increases the rate of penetration of glucose into the 
cells of the heart. 

The fate of the glucose utilized by the perfused heart. In order to interpret these 
findings it was desirable to know what was the fate of the glucose which 
disappeared from the medium in these experiments. Estimations of glycogen 
content were therefore made on hearts taken immediately after washing out 
the vessels with cold perfusate, and on hearts after 15 and 75 min periods of 


Tastx 5. The effect of insulin on the glucose space of the perfused rat 


heart (30 min periods of perfusion) 
Glucose (mg/100 ml.) 150 150 600 600 
Insulin (m-u./ml.) 2 2 
No. of expte. 6 6 6 6 
Mean glucose space ( yl./g heart) 457+ 16 576+ 24 426+ 21 596+9 
Mean sorbitol space ( ul./g heart) 378+6 351+ 10 383 + 18 359+ 15 
Difference 79+ 15 224+ 28 43+11 237+ 17 


Tas_e 6. The effect of perfusion with medium containing 150 mg/100 ml. of glucose on the 
glycogen content of the heart and the lactate content of the perfusion medium 
Perfusion time Zero 15 min 75 min 
Insulin concentration Zero Zero 2 m-u./mal. Zero 2 m-u./ml. 


Mean glycogen content of 246433 (6) 429439 (6) 433439 (6) 352+ 20 (6) (6) 


lactate content of —_ 10-0 (3) 5-8 (3) 10-9 (3) 6-8 (3) 
medium (mg/100 ml.) 

perfusion at 38° C with 150 mg/100 ml. glucose. The lactate content of the 
medium was also measured at 15 and 75 min. The results are collected in 
Table 6. It is seen that the glycogen content rises equally sharply in the first 
15 min in the presence and absence of insulin. It continues to rise in the next 
hour in the presence of insulin, and falls slightly in its absence. The lactate 
concentration is very low in all circumstances, and of the order of the lowest 
reported blood lactate concentrations. It does not change appreciably in the 
interval between 15 and 75 min, but the lactate concentrations in the presence 
of insulin are lower than those in its absence. It appears that the major part of 
the extra glucose disappearance brought about by insulin is due to glucose 
oxidation, little or none is due to glycolysis, and an appreciable fraction is due 
to glycogen formation. 

The effect of “pre-perfusion’ on the penetration of galactose into the heart. The 
rate of glycogen formation observed in the first 15 min of perfusion with 
glucose in the absence of insulin is appreximately equivalent to the maximal 
rate of glucose utilization observed by Bleehen & Fisher (1954) in the presence 
of insulin. This would be explicable in the light of the findings of these workers 
concerning the time of decay of insulin action in the perfused heart if the heart 
extracellular fluid contained insulin at the time of beginning perfusion, since 
the mean effective concentration of insulin over the first 15 min would be 
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expected to be approximately one-third the initial concentration. Corre- 
spondingly, the mean effective insulin concentration over the first 30 min would 
be one-tenth of the initial concentration. In the galactose penetration experi- 
ments reported earlier in this paper perfusion with galactose was begun as soon 
as the heart had been washed out with cold medium. In the 30 min period of 
perfusion used any insulin present at the beginning would therefore be expected 
to exert an effect equivalent to the persistence throughout the period of about 
one-tenth of the initial concentration. Since the observations of glycogen 
deposition (Table 6) suggested that the initial insulin concentration might be 
quite large, a series of experiments was made in which hearts were perfused 
for 39 min with medium containing 600 mg/100 ml. glucose but no galactose, 
and were then transferred for 30 min to medium containing the same con- 
centration of glucose and 300 mg/100 ml. of galactose. The mean 

space found in a set of six hearts was 461 + 26 wl./g heart compared with 515 + 15 
for seven hearts perfused with similar medium for the same time, but without 
the period of pre-perfusion. Although the difference between these series 
could have arisen once by chance in from ten to twenty such comparisons, it 
supports the indication afforded by the glycogen determinations that there is 
residual insulin in the heart at the time of beginning of perfusion. 


DISCUSSION 


In this work on the isolated rat heart it has been possible to demonstrate 
correspondence and interactions between insulin effects on the behaviour of 
glucose and galactose which so strengthen the hypothesis of Levine et al. (1950) 
that these effects have a common basis as to make it almost certain that a 
major physiological action of insulin, in this tissue at least, is to facilitate the 
entry of glucose into the muscle cells. 

The nature of the glucose metabolism of the perfused heart. In view of the 
artificial nature of the preparation it is of importance that the glucose dis- 
appearing from the perfusate seems to be metabolized according to a normal 
pattern. By far the greatest part disappears completely and is presumably 
oxidized completely. Some is converted to glycogen and this process as well 
as the presumed oxidation is accelerated by insulin: which therefore must be 
supposed in this preparation, as in others, to affect some early step in glucose 
metabolism common to anabolic and catabolic pathways. The lactate con- 
centration in the perfusate is low at all times, and is of the same order as 
resting blood lactate in vivo. There is no evidence of increase in this concentra- 
tion during perfusion, so that glycolysis presumably does not occur. It may be 
indicative of some secondary action of insulin that the lactate concentration 
in the presence of insulin is systematically slightly lower than in the absence 
of insulin. 
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Penetration of galactose into the heart in the absence of insulin. When the 
galactose space of the heart is compared with the sorbitol space after 30 min 
perfusion, the galactose space is always the larger. The mean sorbitol space in 
the absence of insulin is 38 ml./100 g perfused heart. That this space is probably 
equal to the extracellular space is indicated by the following considerations. 
The water content of hearts was determined after perfusion with the different 
media used in this work. The mean water content after 30 min perfusion was 
found to be 4-1 g H,O/g solid, and there were no significant differences between 
different series. The mean water content of unperfused hearts is 3-3 g/g solid 
(Bleehen & Fisher, 1954). The extra water accumulating during perfusion 
therefore corresponds to 0-8 g/g solid, or per 5:1 g of perfused heart, i.e. 15-6 g 
extra water per 100 g perfused heart. If it is the case that the extra water is 
extracellular, this means that a sorbitol space of 38 ml./100 g perfused heart 
corresponds to a sorbitol space of (38 — 15-6) ml./(100 — 15-6) g of unperfused 
heart, i.e. between 26 and 27 ml./100 g. Lemley & Meneely (1952) found a 
sodium space in rat heart in vivo of 28 ml./100 g. Manery & Bale (1941) found 
a sodium space of 32 and a chloride space of 25 ml./100g. It is therefore 
justifiable to consider the sorbitol space as corresponding closely to the extra- 
cellular water content. 

Our measurements of the water content of hearts perfused with media of 


different compositions show that after 30 min the total water content is very _ 


close to 8001. H,O/g tissue. Thus the perfused rat heart may be taken to 
contain 380yl. of extracellular water (sorbitol space) and 420yl. of intra- 
cellular water per g. When the heart is perfused for 30 min with 300 mg 
galactose per 100 ml. (Table 3) and the galactose space is 780wl./g, this 
implies a penetration of (780-380) jl. of intracellular water in every g of heart, 
out of the total of 420 yl., corresponding to 95% penetration of the intra- 
cellular water. When the heart is perfused with 1000 mg galactose/100 ml. for 
30 min the figure for percentage penetration of intracellular water is only 
69%. Thus the rate of penetration of galactose is not proportional to the 
concentration in the medium. This would be expected if there were a ‘ facilitated 
transfer’ of galactose across the cell membrane of the kind described by Widdas 
(1954): in this type of process, transfer is regarded as dependent on combina- 
tion with a specific carrier molecule present in the membrane in limited 
amount, so that there is an upper limit to the rate of transfer and so that a 
non-linear relation exists between external concentration and rate-of transfer 
into the cell. 

Penetration of galactose in the presence of glucose. Further evidence in 
support of ‘facilitated transfer’ is afforded by the effect of the presence of 
glucose on the rate of penetration of galactose. The data of tlie first line of 
Table 3 show that addition of glucose to the medium markedly depresses the 
tate of entry of galactose into the heart. In 30 min perfusions in the presence 


of 
: the 
gluc 
95 
(Ta 
rea: 
ca 
wel 
pe 
the 
| 
fu 
abs 
the 
0-( 
rai 
af 
be 
ex 
re 
int 
in 
fu 
t 
t 
| 
tl 
i 
it 


INSULIN AND SUGAR PENETRATION 535 


of 150 mg glucose/100 ml. the penetration of galactose (1000 mg/100 ml.) into 
the intracellular water is reduced from 69 to 54%. In the presence of 600 mg 
glucose/100 ml. the penetration of galactose (300 mg/100 ml.) is reduced from 
95 to 32%. These effects might be due to some general metabolic effect of 
glucose on the properties of the cell membrane, but as there is also evidence 
(Table 4) of a reciprocal effect of galactose on glucose utilization it seems more 
reasonable to interpret these findings as due to competition for a common 
carrier. 

Penetration of galactose in the presence of insulin. Bleehen & Fisher (1954) 
were unable to detect any effect of insulin on the glucose utilization of the 
perfused rat heart at concentrations less than 0-06 m-u./ml. They found that 
the glucose utilization increased with increasing insulin concentration up to 
2 m-u./ml., but that further increase in insulin concentration produced no 
further increase in utilization. Table 3 shows that, both in the presence and 
absence of glucose, insulin increases the penetration of galactose into the heart; 
that there is a marginal effect when the insulin added to the perfusate is 
0-02 m-u./ml. and that there is no further effect when the concentration is 
raised above 2 m-u./ml. Thus the range of concentrations over which insulin 
affects galactose penetration corresponds closely with the range over which it 
affects glucose utilization: there is no bar to the supposition that the two 
insulin effects have a common basis. 

However, as has already been pointed out, there is a difference in procedure 
between the glucose utilization experiments and the galactose penetration 
experiments which bears on the present comparison. Owing to the time 
required to wash pre-existing insulin out of the heart the effective residual 
insulin concentration in the experiments without added insulin will be higher 
in the galactose penetration experiments (which began immediately the per- 
fusion was set up) than in the glucose utilization experiments (in which a 
15 min equilibration period preceded the determination of glucose utilization 
rate). The difference in amounts of persisting insulin cannot be estimated, but 
this difference between the experiments means that more attention has to be 
paid to correspondence in the effects of the higher concentrations of insulin 
than to those of lower concentrations. 

It has already been noted that the intracellular water is 95% permeated by 
galactose after 30 min perfusion with medium containing 300 mg/100 ml. 
When 2 m-u./ml. insulin is added to such medium there is no significant change 
in the degree of galactose penetration. This appears to preclude the possibility 
that insulin stimulates some active transport mechanism. Neither in this 
instance nor in any other have we observed galactose contents of hearts 
corresponding to higher concentrations of galactose in intracellular water than 
in extracellular water. 

A point of interest in connexion with galactose penetration is its speed. The 
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experiments with 1000 mg/100 ml. galactose and 2 mU/ml. insulin (Table 3) 
give the highest rate of galactose penetration: and, as the data of Table 1 show, 
this must be an underestimate of the rate at which it can penetrate since the 
mean rate is clearly much lower than the initial rate. In this instance, taking 
the extracellular water as equal to 370,l./g (the mean of the range of sorbitol 
spaces found in all perfused hearts), and the galactose space as 750yl./g, we 
have an estimate of intracellular galactose content equivalent to equilibration 
of the perfusate with 380. of water/g heart which is equivalent at the con- 
centration of galactose used to the penetration of 3-8 mg galactose/g wet heart 
in 30 min, equivalent to 38 mg/g dry wt./hr. The maximal rate of glucose 
utilization observed by Bleehen & Fisher (1954) was 78 mg/g dry wt./hr, in 
hearts with incompetent aortic valves perfused with insulin-containing medium. 
Both these estimates are certainly underestimates of the maximal rate at which 
the sugars can be transported into the cells. They serve to indicate, however, 
that there is nothing inherently improbable in the assumption that the two 
sugars are transported by the same mechanism, which should have the same 
maximal capacity for transport of both of them. 

This has some bearing on the persistent notion that hexokinase may be 
specifically concerned in insulin action. Rosenberg & Wilbrandt (1952) appear 
to suggest that phosphorylation of sugars by hexokinase in the cell membrane 
may be the specific step which confers on sugar transport the properties of a 


‘carrier-borne’ process. Sols & Crane (1954a) have studied the kinetics of — 


brain hexokinase and found, inter alia, that the maximal rate of reaction with 
galactose is only one-fiftieth of that with glucose. In a preliminary note Sols 
& Crane (19546) report that the activity of heart muscle hexokinase from 
several species is essentially similar to brain hexokinase in affinities for sub- 
strates and in relative phosphorylation rates. It is therefore difficult to 
reconcile the similarity of order of magnitude of rates of glucose and galactose 
penetration into heart muscle cells, which is shown by the present work, with 
the notion that hexokinase action is the rate-limiting reaction in sugar trans- 
port, which it would have to be if insulin increased the rate of sugar transport 
by action on hexokinase. 

Penetration of glucose into the heart. If it be true that a major or the only 
physiological effect of insulin on the heart is to increase the ease of penetration 
of glucose, the increase in glucose utilization brought about by insulin should 
be a consequence of increased intracellular glucose concentration: whereas if 
the major effect of insulin were a stimulation of some intracellular catalysis, 
insulin should produce a fall in intracellular concentration. Using sorbitol 
space as a basis for estimating intracellular water and glucose, as in the 
galactose experiments, we have found that perfusion for 39 min with medium 
containing 2 mU/ml. of insulin causes an increase in mean intracellular glucose 
concentration from 27 to 74 mg/100"ml. when the external concentration is 
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150 mg/100 ml., and from 59 to 322 mg/100 ml. when the external concentra- 
tion is 600 mg/100 ml. These figures are derived from the data of Table 5. 
These results put it beyond doubt that the major effect of insulin on glucose 
metabolism in this tissue is to increase the ease of penetration of the sugar into 
the cells. 

This does not mean that the rate of glucose utilization is necessarily related 
in any simple fashion to the observed mean concentrations of glucose. The 
evidence suggests (Long, 1952; Wiebelhaus & Lardy, 1949; Sols & Crane 
1954a) that hexokinase is saturated at very low glucose concentrations. 
Sols & Crane (1954) estimate the K,,, for the glucose-hexokinase reaction to 
be 8 x 10-*m, which corresponds to 90% saturation at 1-3 mg glucose/100 ml. 
At any appreciable mean glucose content of the cell, therefore, the relation 
between glucose content and rate of glucose utilization will be more closely 
determined by the proportion of the cell volume in which the concentration of 
glucose exceeds this concentration than by the amount of glucose in this 
volume. If glucose distribution in the intracellular water were solely deter- 
mined by diffusion this would lead to a unique relation between glucose content 
and rate of glucose utilization. But if specific biological activities such as proto- 
plasmic streaming or other intracellular displacements accompanying con- 
tractile activity can occur, different patterns of distribution of glucose could 
conceivably occur at different times in association with similar rates of glucose 
utilization; i.e. such that the fraction of the total hexokinase exposed to 
glucose concentrations equal to or greater than that needed to saturate 
it to a high degree was the same for the different patterns of glucose 
distribution. | 

We do not propose to lay particular stress on the point that the estimated 
intracellular glucose concentrations in the presence of 2 m-u./ml. insulin are 
widely different at the two different perfusate glucose concentrations used (150 
and 600 mg/100 ml.), although Bleehen & Fisher (1954) found that the rates of 
glucose utilization in these conditions were very similar (44 and 48 mg/g 
dry wt./hr respectively). Another factor which confirms the unprofitability 
of discussion of quantitative aspects of this relation is that ‘intracellular 
water’ is undoubtedly made up of several compartments. Glucose may gain 
access to these with different degrees of ease, though it may be the case that 
hexokinase is distributed throughout the cytoplasm (Sols & Crane, 1954). 
One of these compartments is the ‘membrane’ across which the specific 
transfer takes place, and there is no basis for estimating its relative mass. 
Other obvious subdivisions are intramitochondrial and intranuclear water. 

The crucially important finding is that insulin increases the intracellular 
concentration of glucose, whereas if its preponderant action were to activate 
some rate-limiting process in the chemical transformation of glucose it would 
be expected to reduce the intracellular glucose concentration. 
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The effect of galactose on the utilization of glucose by the heart. The data 
available show a definite diminution in the rate of glucose utilization when 
galactose is added to the perfusate. We have shown that there is no galactose 
utilization by the heart, so that it is improbable that any derivative of 
galactose is interfering with glucose utilization. Sols & Crane (1954a) have 
shown that for brain hexokinase the K,, of the galactose-hexokinase reaction 
is 10* times that of the glucose-hexokinase reaction, so that galactose cannot 
be expected to compete detectably with glucose for hexokinase. Thus, the 
competition between glucose and galactose for transport into the cell is not due 
to metabolic interaction between the two, or to competition for a carrier 
mechanism based on hexokinase. 

The relation of the hexose carrier mechanism to insulin. The observations that 
glucose interferes with galactose entry into heart cells, that galactose interferes 
with glucose utilization, and that the same range of concentrations of insulin 
accelerates both processes, provide good ground for supposing that insulin 
acts by influencing a specific hexose carrier mechanism. Insulin does not seem, 
however, to be equally important in determining the rate of entry of glucose 
and galactose into different types of cell. Although glucose can enter skeletal 
muscle in the absence of added insulin in the environment of its cells (Lunds- 
gaard, Nielsen & Orskov, 19394, b) the concentration of glucose inside skeletal 
muscle cells is normally very low indeed (Cori, Closs & Cori, 1933; Park 1953). 
The evidence of Levine and his colleagues (Levine et al. 1950), already cited, 
also indicates that in the absence of insulin some large mass of tissue, which by 
virtue of its size cannot be other than the skeletal musculature, is almost or 
entirely impermeable to galactose. It would seem that the rate of entry of 
galactose and glucose into skeletal muscle may be highly dependent on the 
presence of insulin. 

In the present experiments on the rat heart; it is clear that the entry of 
glucose and galactose into cardiac muscle cells can occur quite readily in the 
absence of added insulin. In view of the demonstration by Bleehen & Fisher 
(1954), of the speed with which the action of residual insulin in the perfused 
heart decays, it appears safe to say that the two sugars can penetrate cardiac 
muscle cells in the absence of insulin. Bleehen & Fisher (1954) have given 
reasons for believing that the evidence (Stadie, Haugaard, Marsh & Hills, 
1949; Stadie, Haugaard & Vaughan, 1952) does not support the view that 
insulin remains for a considerable period combined with muscle in an active 
form, except when an enormous excess of insulin is provided. The conclusions 
of Stadie et al. (1952) are based on the assumption that all the isotopic label 
recovered from tissues is present attached to insulin. The work of Elgee, 
Williams & Lee (1954) has shown that isotopically labelled insulin is rapidly 
converted into forms in which the isotopic label is no longer precipitable with 
the tissue protein, as is insulin. The rapid destruction of insulin found by these 
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workers is much more in conformity with the conclusions of Bleehen & Fisher 
(1954) than with those of Stadie et al. (1952). It may be taken, then, that the 
sugars penetrate cardiac muscle cells in the absence of insulin, but penetrate 
more rapidly in its presence. 

In the human erythrocyte, for which there is the most complete demonstra- 
tion of a specific carrier mechanism for hexoses, Widdas (1954) has shown that 
at low concentrations of glucose the rate of equilibrium between cell water and 
medium is exceedingly rapid. It seems unlikely that insulin could increase it 
appreciably. 

These considerations suggest that insulin is not the hexose carrier. Insulin 
might act by combining with pre-existing free carrier molecules to produce a 
complex with higher affinity for glucose. The apparent large differences in 
permeability of skeletal muscle and heart muscle to galactose in the absence of 
insulin, taken together with their high permeability to this sugar in the pre- 
sence of insulin, would require the assumption, on this hypothesis, that the 
carriers in the two different cell membranes had very different intrinsic 
capacities to transport glucose, but became similarly active in the presence of 
insulin. 

An alternative explanation of the mode of action of insulin depends on the 
assumption that cell membranes exhibiting specific transport possess, in 
addition to carrier molecules, some second constituent, present in variable 
proportions, capable of combining with carrier to form an inactive complex. 
If insulin were capable of combining with this second constituent, thereby 
freeing carrier, the observed apparent independence of the two properties, 
possession of specific carrier and sensitivity to insulin, would be accounted 
for. 

There is no evidence to decide between these two hypotheses. We are in- 
clined to accept the second hypothesis provisionally, since it is on the whole 
simpler. It does, however, possess a feature that may be regarded as a dis- 
advantage: it requires one to assume the occurrence in the membranes of 
insulin-sensitive cells of a constituent, the carrier-inhibitor, whose only feature 
is that it acts to the disadvantage of its possessor. 

The toxicity of galactose. The depressant effect of galactose on glucose utiliza- 
tion could conceivably account for the toxic effects of galactose. Guha (19314, }) 
described rapid decline in body weight and death in about 2 weeks in rats 
on an otherwise adequate diet in which galactose was substituted for other 
carbohydrates, glucose, sucrose or maltose. Mice fed on diets in which galactose 
was the sole carbohydrate died in a week, having lost 30 % of their body weight. 
It is possible that the condition of galactosaemia, of which there are recent 
accounts by Bray, Isaac & Watkins (1952), Hudson, Ireland, Ockenden & 
White-Jones (1954) and Fox, Fyfe & Mollison (1954) may also be due to this 
action of galactose. 
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The effect of galactose on glucose utilization in the rat heart is small (Table 
4), but this may be due to the fact that glucose can penetrate into this organ 
in the presence of insulin much more rapidly than it can be utilized by it. 
Cori et al. (1933) showed that the glucose content of skeletal muscle is in much 
smaller ratio to the glucose content of plasma than is the case in cardiac 
muscle; it is therefore possible that in this tissue transport of glucose across 
the cell membrane may limit much more strictly the rate of glucose utilization 
than it does in the heart. If this be so, then, in this tissue and in any other 
with similar properties, inhibition of glucose transport by competition with 
galactose for a carrier could have serious consequences, which would not be 
readily overcome, since intracellular galactose might be expected to interfere 
with the carrier mechanism as readily as extracellular galactose. 


SUMMARY 

1. The perfused rat heart does not utilize galactose to an slaeielable 
extent, although this sugar penetrates into the intracellular water. 

2. The rate of penetration of galactose is non-linearly related to the external 


concentration, is diminished by glucose and is increased by insulin (0-20—2-0 — 


mU/ml.). 
3. The rate of glucose utilization by the heart is diminished by galactose. 
4. Inulin and sorbitol are confined to the extracellular water of the heart. 


Comparison of glucose and sorbitol spaces shows that insulin increases the 
intracellular glucose concentration. 


5. The primary action of insulin on the heart appears to be to increase the 
ease of penetration of the intracellular water by glucose and related sugars. 


We wish to express our thanks to the Agricultural Research Council for a training grant to 
D.B.L. during part of this work. 
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THE PERMEABILITY OF KIDNEY CORTEX TO CHLORIDE 


By R. WHITTAM 
From the Department of Biochemistry, The University, Sheffield} 
(Received 6 June 1955) 


The physiological concentrations of sodium and potassium inside the cells of 
most tissues differ widely from those in the normal cellular environment and 
are maintained by the use of metabolic energy. Although under suitable 
conditions these concentration differences can be maintained in vitro, inhibition 
of cell respiration reduces the capacity of the cells to extrude sodium and 
accumulate potassium. Various levels of intracellular cation may thus be 
obtained by selecting conditions which induce different amounts of respiratory 
energy. 

The concentration differences are not due to impermeability of the cell 
membrane. The steady-state exchanges of sodium and potassium between 
kidney cortex slices and a saline medium have been studied under several 
conditions with tissues from rats (Mudge, 1952, 1953) and guinea-pigs (Whittam 
& Davies, 1954). Only about 1% of the potassium of guinea-pig kidney cortex 
slices was in the extracellular fluid, and its exchange was not distinguishable 
by the techniques used from that of the remaining intracellular potassium. 
Because of the larger concentration of sodium in extracellular fluid, however, 
the presence of two kinds of tissue sodium was clearly shown, one exchanging 
rapidly and one slowly. Extracellular sodium was expected to exchange 
rapidly, but it was not expected when in some conditions the amount of rapidly 
exchanging sodium was greater than the extracellular sodium (Whittam & 
Davies, 1954). This may have arisen from the heterogeneous population of 
cells in a kidney cortex slice, in which some cells may be more permeable than 
others to sodium. On the other hand, a part of the intracellular sodium might 
exchange rapidly, apparently without restraint at the cell membrane, and it 
has been suggested that the intracellular fluid is housed in several subcompart- 
ments, some of which communicate readily and others less readily with extra- 
cellular fluid (Bartley, Davies & Krebs, 1954). Mitochondria represent a 
compartment within cells, and preparations of them have been shown to do 
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secretory work by transporting ions against concentration gradients (Mac- 
Farlane & Spencer, 1953; Stanbury & Mudge, 1953; Bartley & Davies, 1954). 

The present study with kidney cortex slices was undertaken to find the 
effect of metabolism on the movements of chloride between tissue and a 
suspending medium; in particular, whether the penetration of chloride was 
restricted at the cell membranes or at boundaries within the cells. 


METHODS 


Materials and procedure. Guinea-pigs were stunned and bled from the carotid artery, and the 
kidneys removed immediately. Slices of the cortex were made with a dry razor by the method of 
Deutsch (1936). The outermost slice was usually rejected. The inner slices (0-3—0-4 mm thick) 
were spread on hardened filter-paper (Whatman No. 541) and blotted for 5-10 sec to remove blood, 
urine and damaged tissue. Two or three slices (100-200 mg) were then placed in 2-0 ml. saline 
medium in 15 ml. stoppered conical cups provided with a centre well. In anaerobic experiments a 
stick of yellow phosphorus was placed either in the centre well or in a reagent tube (Keilin, 1929) 
dangling from the stopper. The vessels were shaken at 0, 10, 25, 37 or 42° C in a water-bath. 

In experiments to measure the exchange of Cl between tissue and medium the slices were first 
incubated for approx. 35 min in non-radioactive phosphate saline to allow the steady-state con- 
centrations of intracellular ion to be attained. They were taken out of the cups, most of the 
adherent medium quickly removed on filter-paper, and then put at once into a crystallizing dish 
(8 cm diameter) containing 15-16 ml. of phosphate saline to which radioactive chloride had been 
added. This was gassed continuously during the experimental period with either O, or N,. After 
various periods the slices were removed from the saline, blotted and weighed. 

Media, The phosphate saline of Krebs & Henseleit (1932) was used with 10 mm-a-oxoglutarate 
added as substrate. *Cl was supplied as 3-12 n-HCl by the Atomic Energy Research Establish- 
ment, Harwell, and was neutralized with NaOH solution to give 0-154N-NaCl*. This was included 
in some saline to give a final radioactivity of approximately 0-017 wc/ml.—calculated from the 
value supplied by Harwell. 

Water content of tissue. The tissue water was taken to be equal to the loss of weight on drying 
the tissue overnight at 105° C. 

Estimation of inulin space of tissue. The inulin space in ml./g tissue (the quotient of the inulin 
concentration in the tissue divided by the inulin concentration in the medium) was estimated as 
described by Robinson (1950). Inulin was determined by the method of Bacon & Bell (1948). 

Estimation of chloride. Chloride was determined as described by Whittam (1955), using the 
potentiometric titration method of Sanderson (1952). 

Estimation of *Cl, The supernatants obtained after allowing the tissue samples to stand over- 
night with 10 ml. of 0-1w-HNO, were decanted into a 20th Century Ltd. M. 6 liquid counter tube 
(Veall, 1948), and the radioactivity measured before the estimation of the tissue Cl. Corrections 
were made for background counts and for dead time losses. The radioactivity of solutions prepared 
by diluting 2-0 ml, medium to 10 ml. with 0-1 -HNO, was measured in the same way. All samples 
were counted to a 8.p. of not more than 2%. 

Veall (1948) showed that the disintegrations recorded with the M. 6 liquid counter tube per 100 
disintegrations actually occurring depended on the energy of the radiation. For the f radiation 
of “Cl of 0-714 MeV a value of about 2-5% is to be expected, and this was the value obtained 
by counting a 10 ml. sample of 0-9 % (w/v) Na Cl* whose radioactivity was 0-00113 ye, calculated 
from the Harwell figure. 

The tissue was allowed to stand in 0-1~-HNO, because preliminary experiments showed that 
this procedure caused the liberation from the tissue of all the Cl (and Na and K) present. More- 
over the smaller size and greater concentration of the H+ and NO,~ ions of the acid probably allow 
them to act preferentially to Na, K and Cl as gegenions for any weak anionic or cationic groups of 
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RESULTS 
Chloride concentration of tissue before incubation 
The chloride concentration of the cortex of guinea-pig kidney was 51-1 + 8-0 
(s.p. 16 observations) wequiv/g tissue. It was approximately constant to a 
depth of 3 mm from the outer surface but in the deeper part of the kidney 
there was a remarkable gradual increase to a value of 114-5 wequiv/g for the 
well-defined medulla. Ljungberg (1947) found comparable values for the 
chloride concentrations in the cortex and medulla of rabbit kidney. These 
observations are similar to those of Wirz, Hargitay & Kuhn (1951) who showed, 
using a cryoscopic method with sections of rat kidney, that whilst the tubule 
contents in the cortex are isotonic with blood, the osmotic pressure increased 
with depth from the cortico-medullary boundary to the tip of the papilla. The 
chloride concentration of kidney medulla is unusual in being greater than the 
concentration in plasma which was 100 + 2-8 (s.p. 4 observations) »equiv/ml. 


Changes in the chloride concentration of kidney 
cortex slices during incubation 
Preliminary experiments showed that the tissue chloride concentration was 
the same after incubation in either bicarbonate-or phosphate saline and the 
latter was normally used. The chloride concentration of the tissue remained 
constant only during aerobic incubation at 25 or 37° C, the concentration in 
the tissue being 54% less than that in the medium (Table 1). After incubation 
at 37° C anaerobically, or aerobically with 0-2 mm-2:4-dinitrophenol (DNP), 
the concentration rose 50° (26 wequiv/g) above the initial value. At lower 


TaB_z 1. Effect of incubation on the chloride concentration of kidney cortex slices. Slices of 
tissue (0-1—0-2 g) were incubated for 35-50 min in 2-0 ml. phosphate saline containing 
10 mM-a-oxoglutarate, pH 7-4, gas phase O,. Standard deviations are given and the numbers 
of observations are in parentheses. 


Increase in , 
concentration 
Chloride concentration in tissue 
; Qo, concentration duri Chloride 
imental Temp. (l./ in tissue incubation concentration 
conditions ary wt. (wequiv/g) (equiv/g) in medium 
Before ‘148-0 (16) 0-51t 
incubation 
42 77-6 (2) + 26-5 0-62 
37 —23-0 656-345-7 (23) + 52 0-45 
Aerobic 25 —120 565-2 (4) + 41 0-44 
After 10 — 25 75-4 (4) + 24-3 0-59 
incubation 5-8 (12) + 27-2 0-63 
erobic — 37: -2+4-6 (19 26- 
Anaerobic 37 78-6 + 4-8 (18) + 27-5 0-63 


t+ Relative to plasma cl.loride concentration, which was 100 zequiv/ml. The medium contained 
125 pequiv Cl/ml. 


t Quoted from Whittam & Davies (1954). 
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(0 and 10° C) and higher (42° C) temperatures the uneven distribution of 
chloride between tissue and medium was also reduced, the concentration again 
increasing by about 50%. The changes in the amounts of chloride in the 
tissue took place in the first 35 min incubation and the concentration then 
remained approximately constant during further incubation from 35 to 50 min 
under all conditions investigated. 

If all the tissue chloride were situated outside the cells, the ratio of the con- 
centrations (tissue/medium) would be equal to the ratio of the extracellular 
volume to the total tissue volume. The ratio of chloride concentrations, how- 
ever, was approx. 0-5 for the tissue at the beginning of the experiments and 
after respiring in vitro at 25 and 37° C, but it rose to 0-6 when the normal | 
supply of respiratory energy was reduced by low temperature, anoxia, or DNP 
(Table 1). These values are greater than those for the inulin space, which 
averaged 0-26 ml./g tissue (Table 3), and show that not only were substantial 
amounts of chloride inside the cells but also that the precise amount depended 
on the metabolic state of the tissue. 


The respiration of kidney cortex slices 
The rate of oxygen uptake was not directly related to the chloride con- 
centration in the tissue. Thus, although the chloride concentration after 


incubation at 25 or 37° C was the same, the rate of oxygen uptake at 25° C was 
only a half of the value at 37° C (Table 1). 


The exchange of tissue chloride 

Before measuring the rates of exchange of tissue chloride it was necessary 
to know how much of it was exchangeable. Slices were therefore incubated in 
2-0 ml. of phosphate saline containing “Cl. After 20 min incubation at 37° C 
under several conditions (aerobic; with and without DNP; anaerobic) the ratio 
of the specific activities (counts/min per pequiv chloride in tissue divided by 
counts/min per wequiv chloride in medium) was at least 0-95. This shows that 
at 37° C little, if any, of the tissue chloride was unable to exchange with 
chloride in the suspending saline and is in accordance with the demonstration 
by Amberson, Nash, Mulder & Binns (1938) that in the cat kidney in vivo all 
the cell chloride is exchangeable with plasma chloride. 


Measurement of the uptake of Cl* 

Results on the uptake or loss of radioactive ions by tissues are more easily 
interpreted when no net changes in ionic concentrations occur during the 
measurements. Slices were therefore incubated for about 35 min in inactive 
saline under the same conditions in which the rate of uptake was to be 
measured, to allow any changes to take place in the concentration of tissue 
chloride. They were then transferred to saline containing Cl*. A sufficiently 
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large volume (15-16 ml.) of radioactive saline was used so that, within experi- 
mental error, the spécific activity of the chloride in the saline remained un- 
changed during incubation of the tissue: the amount of Cl* entering the tissue 
being negligible compared with the total amount present. 


Estimation of the extracellular space 


Theory. The uptake of Cl* by the slices is considered to consist of two 
different processes, viz. (1) a diffusion of Cl* into the extracellular space, and 
(2) a transfer of Cl* into the cells. The rates of the two processes can be dis- 
tinguished only when one process proceeds with a velocity sufficiently different 
from that of the other. In this case, an estimate may be made of the separate 
rates, the amounts of ion exchanging at each and hence of the extracellular 
chloride, which is the more rapidly exchanging component. The assumption is 
made that first-order kinetics apply to the two processes, i.e. that the rate of 
diffusion of Cl* into the interspaces depends on the concentration of Cl* in the 
saline and that the rate of transfer of Cl* into the cells depends on the con- 
centration of Cl* in the extracellular fluid. A plot of the uptake of Cl* against 
time should, therefore, provide a graph which can be described by the sum of 
two exponential terms. A full discussion of this system has been given by 
Harris & Burn (1949). When the chloride of the extracellular space has reached 
the same specific activity as the suspending saline chloride, the subsequent 
uptake of Cl* must be due to the transfer of Cl* into the cells. Thus, when the 
term 1—a,/a, is plotted semi-logarithmically against time, a straight line 
should be obtained for later periods of incubation representing a single 
exponential process whose rate is given by the slope. The initial steep part of 
the graph represents the rapid entry of Cl* into the extracellular space. 
(a,=counts/min per equiv. tissue chloride at time t, and a,, is the same ratio 
at time 00, or the concentration of Cl* when all the tissue chloride has 
exchanged.) 

Extrapolation of the later part of the graph to the ordinate gives a value for 
the fraction of tissue chloride exchanging rapidly. This amount of chloride is 
assumed to be contained in a fluid with the same chloride concentration as the 
surrounding medium. The extrapolated value of a,/a_, at zero time is, therefore, 
multiplied by the chloride concentration in the tissue and divided by that in 
the medium; the product is the extracellular space. 

Application of the theory to the uptake of Cl*. The rates of uptake of Cl* by 
kidney cortex slices incubated in three different conditions are shown in Fig. |, 
where the logarithms of the term, 1—a,/a,, are plotted for various periods of 
incubation. The curves contain an initial steep part which represents a rapid 
uptake with a half time of about 15 sec. Only an approximate value can be 
obtained, however, because of the quickness of the process and the consequent 
difficulty of making measurements for short-time incubations. Nevertheless. 
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this approximate value is about the same as that found for the exchange of 
extracellular sodium in kidney slices incubated under the same conditions 
(Whittam & Davies, 1954). These observations are similar to those of Levi & 
Ussing (1948), who showed that the sodium and chloride in the interspaces of 
frog sartorius muscle were renewed at about the same rate with a half time of 
2 min. 
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Fig. 1. The uptake of *Cl by kidney cortex slices at 37° C. Tissue slices were incubated in 2-0 ml. 
phosphate saline containing 10 mm a-oxoglutarate; pH 7-4. After 35 min the slices were 
transferred to 15-16 ml. of phosphate saline containing “Cl. The specific activity of the 
chloride in the tissue (a,) and in the medium (a) was measured after various periods of 
incubation (¢ in min), The solid lines extrapolated to the ordinate in the left-hand graph 
represent for aerobic and anaerobic conditions respectively the equations 

—In (l—a,/aa) =0-92+ 0-478, 

and —In (l—a,/am) =0-60+ 0-211. 

The solid line extrapolated to the ordinate in the right-hand graph for aerobic incubation with 

DNP (0-2 ma) represents the equation 

—In (1—a,/aa) = 1-64+ 0-074¢. 


The points after the first 1-2 min incubation fall approximately on a straight 
line. Assuming that the exchange of the faster component was then complete 
and that the points were, therefore, of equal weight, the method of least 
squares was used to calculate the lines of best fit. The resolution into two com- 
ponents is not so good as in the case of sodium—as Levi & Ussing (1948) also 
_ found with frog sartorius—but it is clear that the uptake falls approximately 
into two phases and cannot be described by a single rate constant. The 
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difference in rates and separation of the curve into two components is less 
satisfactory for slices incubated aerobically than in those incubated aerobically 
with DNP or in anaerobic conditions. Nevertheless, the difference in rates 
aerobically was about five- to tenfold which can be shown to be sufficient 
(cf. Dainty & Krnjevié, 1955) to justify extrapolation of the slower component 
to the ordinate to obtain a value of a,/a,, at zero time within 10-15% of the 
true value. 


Taste 2. Kinetics of the uptake of *Cl by kidney cortex slices during incubation at 37° (. 
Experimental details as in Fig. 1. 


Aerobic with 
Experimental conditions Aerobic 0-2mm-DNP Anaerobic 
Chloride concentration in tissue ( wequiv/g) 55-7 77-7 73-5 
Fraction of tissue occupied by rapidly ex 0-27 0-51 0-27 
chloride (ml./g tissue) 
Concentration of wand exchanging chloride 31 31 55 
( wequiv/g) =(Cl), 
Rate constant for oftss of slowly exchanging 0-47 0-074 0-11 
chloride = &, (min~*) 
Half time for oe of slowly exchanging 1-5 9-4 3-3 
chloride (min) 
Exchange rate =k, (Cl), ( wequiv/min/g) 14 2-3 ll 


Tass 3. The inulin space of kidney cortex slices at 37 and 0° C. About 10 slices of cortex were 
shaken for 30-60 min in 18 ml. saline containing 10 mm a-oxoglutarate and approx. 1°, 
(w/v) inulin. The inulin concentration in the saline did not change detectably during incuba- 
tion of the tissue. Some slices were shaken in saline without inulin and blank inulin estima. 
tions made on these. 8.D.’s are given and the number of estimations is in parentheses. 


Experimen tal co Water content Inulin space 
conditions (° (%) (ml/g tissue) 
Initial tissue 17-8 
Aerobic 75°7 0-24+ 0-02 (15) 
Aerobic with 0-2 mxy-DNP 37 79-8 0-27+0-01 (4) 
Anaerobic 82-0 0-27 + 0-03 (8) 
Aerobic 0 83-1 0-26 + 0-02 (4) 


Rapidly exchanging chloride. If the chloride exchanging rapidly in aerobic 
and anaerobic conditions is taken to represent extracellular chloride at the 
same concentration as in the external medium, then the fraction of the tissue 
occupied by extracellular fluid is calculated to be 0-27 (Table 2). This is the 
Cl space, and under these conditions, it is equal to the inulin space (Table 3). 
In these conditions the cell membranes were thus effective barriers to the 
penetration of chloride and were probably involved in maintaining the con- 
centration differences between intracellular and extracellular chloride. 

In the presence of DNP, however, the amount of rapidly exchanging chloride 
was almost double the amount of extracellular chloride; the ‘Cl space’ was 
0-51 ml./g tissue compared with the. inulin space of 0-27 ml./g tissue. It is 
possible that some cells were affected differently from others so that some 
became completely permeable to chloride leaving others unaffected. In view 
of the action of DNP in uncoupling the energy supply, however, it is also 
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possible that all the cells would be affected in this way and hence in their 
permeability to chloride. According to each interpretation, it is clear that the 
permeability of some of the cell membranes had increased to allow unrestricted 
movement of part of the intracellular chloride, thus suggesting that the 
integrity of the cell membrane as a barrier to chloride diffusion may depend on 
a supply of energy which is inhibited by DNP. 

Slowly exchanging chloride. The half times for the exchange of the cell 
chloride were low, the value in aerobic conditions being 1-5 min. This was in- 
creased twofold by anoxia and sixfold by DNP (Table 2). Since the rate 
constant, ko, is equal to the fraction of intracellular chloride which exchanged 
per minute, the product of k, and the concentration of chloride in the cells 
({Clj;) is the exchange rate in pequiv/min/g. The aerobic exchange rate of 
14 pequiv/min/g was reduced 20% by anoxia and 80% by DNP. Thus, the 
results show that the effect of DNP and anaerobiosis was to reduce the turn- 
over of chloride between the slowly exchanging intracellular chloride and the 
extracellular fluid. 

The concentration of chloride in the cells was 3lyequiv/g after aerobic 
incubation and 55 wequiv/g after anaerobic incubation, showing that anaerobi- 
cally the cell membrane was not so effective in maintaining a low chloride 
concentration as it was aerobically. This is probably a reflexion of the reduced 
energy supply during anoxia, since kidney cortex has a high rate of respiration 
but only a low rate of glycolysis (Whittam & Davies, 1954). 

Assuming that DNP caused 75% of the cell chloride to exchange rapidly, 
the concentration of the remaining slowly exchangeable chloride (31 wequiv/g) 
would be that in a subcompartment of the cell. When movement across the 
cell membrane is rate limiting, as is the case in the aerobic and anaerobic 
experiments, the present techniques will not detect further limitation of the 
movement of chloride by membranes surrounding cellular subcompartments. 
Accordingly, the value for the concentration of chloride in the cell subcompart- 
ment in tissue poisoned with DNP cannot be compared with similar values for 
normal tissue where the cell membrane is rate limiting. 


Inulin space of kidney cortex slwes 

Table 3 shows that the inulin space at 37° C was unaffected by anaerobiosis 
and by the presence of DNP, the mean values ranging from 0-24 to 0-27 ml./g 
tissue. In contrast, the water content varied according to the conditions of 
incubation, being greater when the supply of respiratory energy was inhibited 
(see Robinson, 1953). The results show that the extracellular space, as measured 
by inulin, of tissue slices in various states of hydration was a constant fraction 
of the total weight of the tissue. 

Robinson (1950) obtained a comparable value of 0-25 ml./g tissue for the 
inulin space of rat renal cortex slices, whilst Conway & Fitzgerald (1942) found 
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the inulin space of rabbit kidney cortex slices to be 0-33 ml./g tissue, which is 
somewhat higher than the values found with rat and guinea-pig tissues. 

The values of the inulin space (Table 3) allow a calculation to be made of the 
extent of swelling of the cells when the water content increases. For example, 
after incubation at 0° C the water content had increased from 77 to 83%, and, 
therefore, 1 g of tissue before incubation would increase in weight, owing to 
swelling, to een a 1-35 g. A similar change in water content and hence 
in the weight of tissue slices in different conditions of incubation occurs when 
respiring tissue is made anoxic or poisoned with cyanide or transferred to saline 
at a low temperature (Robinson, 1950; Whittam & Davies, 1953). The inulin 
space at 0° C was 0-26 ml./g and the extracellular fluid in 1-35 g tissue would 
be 0-26 x 1-35=0-35 ml., which represents an increase of »% x 100 =35 % in the 
volume of this compartment. Similarly, the volume of the intracellular fiyid 
would increase from 0-77—0-24=0-53 ml. to 0-83 x 1-35—0-35=0-77 ml., 
which is an increase of 0-24 ml. or 45%. It follows, therefore, that the in- 
crease in the tissue water content was due to a retina of the cells as well as 
of the extracellular compartment. 


DISCUSSION 
The transport of chloride in kidney cortex 

The chloride concentration of the cells increased twofold, by a movement of 
ions down the concentration gradient, when respiration was abolished by 
anoxia, or reduced by cooling, and when the supply of respiratory energy was 
reduced with DNP. Indeed, the physiological concentration was maintained 
only during normal respiration. This agrees with Mudge’s (1951) observation 
with rabbit kidney cortex slices that when they respired at 25° C after pre- 
liminary incubation at 0° C their chloride concentration was reduced from 
748 to 59-9 wequiv/g wet tissue. It thus seems clear that the movement of 
chloride against concentration gradients, and the maintenance of these 
gradients, depends ultimately upon normal respiration and, in this respect, 
the behaviour of chloride resembles that of sodium and potassium. 

In the detailed study of ion transport it is important, however, to dis- 
tinguish where possible between active and passive transport (see definition 
by Ussing, 1949). He pointed out that the term ‘active’ should be reserved for 
movements of ions against electro-chemical gradients, since movements against 
a concentration gradient may be passively brought about by an electrical p.d. 
For instance, the chloride distribution between red blood cells and plasma 
is according to a Donnan (1911) equilibrium and is therefore passive; it is 
independent of the state of metabolism and depends only on the pH of plasina 


(Harris & Maizels, 1952). In the rumen epithelium, the potential difference — 


and t 
chlo 
Thei 
(Ussi 
If 

expe 
with 
the ¢ 
value 
TABLE 
ti 
( 

prob 
chlo 
time: 
the 
eno 
are & 
acti 

diffe 
show 
work 
7 of ch 
Acti 
post 
1952 
(Seo 
TL 
of di 
prox 
as CC 


CHLORIDE TRANSPORT IN KIDNEY CORTEX 551 


and the concentration ratio of chloride across the tissue are adequate to explain 
chloride movement, which is, therefore, passive (Dobson & Phillipson, 1954). 
The inward transport of chloride across the frog skin is also passive since it is due 
to the electric potential difference produced by the active transport of sodium 
(Ussing & Zerahn, 1951; Johnsen, Levi & Ussing, 1952; Linderholm, 1952). 
If chloride be passively distributed in those cells of renal cortex reabsorbing 
sodium chloride from the glomerular filtrate, the potential — to be 
[Cl]o’ 
with the inside negative to the outside. Values of y are shown in hae 4 for 
the cells of kidney cortex slices incubated in three different conditions. The 
values of about 30 mV can only be considered as very approximate since 


expected across the cell membrane is given by the expression am 


TasLe 4. Concentration gradients of chloride and potassium in kidney cortex slices on incuba- 
tion at 37° C. It is assumed that the ‘Cl space’ contains potassium also at the same con- 
centration as the medium. The results on potassium are taken from Whittam & Davies 
(1953). 


p.d. if chloride 
Chloride Potassium 
gradient, t passivel 
Aerobic 35 
Aerobic with 0-2 mM-DNP 35 
Anaerobic 2 6 20 


probably not all the cells in the slices are concerned in the transport of sodium 
chloride. Nevertheless, it is of interest that the values are from three to four 
times too small to fit with the differences in the potassium concentration across 
the membrane. This is in contrast to muscle, where the potential is great 
enough (see Steinbach, 1952). Consequently, since the concentration gradients 
are so different for chloride and potassium, it seems unlikely that both are 
actively transported. In the absence of direct measurements of the potential 
difference across the cell membranes in kidney cortex, it is not possible to 
show unequivocally whether one of these ions is actively transported. Further 
work using sodium-free media may indicate the extent to which the distribution 
of chloride and of potassium depends on the extrusion of sodium from the cells. 
Active mechanisms for the accumulation of potassium have already been 
postulated for the red blood cell (Ponder 1950; Harris & Maizels, 1952; Solomon, 
1952; Bernstein, 1954), the yeast cell (Conway, Ryan & Carton, 1954), algae 
(Scott & Hayward, 1954) and nerve (Shanes, 1951; Hodgkin & Keynes, 1955). 

The kidney cortex slices used in these experiments were collections of cells 
of different types, consisting mainly of those of the convoluted portions of the 
proximal and distal tubules; it is not possible therefore to express the results 
a8 concentrations in one kind of cell. 
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The size of tissue compartments 

The reality of the spaces measured with inulin and labelled chloride rests 
on the validity of the assumption that the inulin and rapidly exchanging 
chloride of the tissue were contained in a fluid with the same concentrations 
as those in the suspending medium. Support for this assumption is provided 
by the fact that during aerobic and anaerobic incubation at 37°C, the spaces 
measured were identical, viz. 0-24—0-27 ml./g tissue, and probably represent 
the true extracellular space. In these conditions, therefore, the cell membranes 
prevented the diffusion of chloride as well as of inulin into the cells. The in- 
crease in chloride permeability of at least some of the cell membranes in the 
presence of DNP, when the chloride concentration also increased, supports the 
view that the maintenance of the physiological distribution of ions depends 
upon an unimpaired metabolism. It still remains to be shown, however, 
whether membranes within the cell, such as those of mitochondria, play an 
important role in the regulation of the distribution of ions in tissues. In the 
case of chloride exchange in kidney slices, the cell membrane was shown to be 
the membrane normally limiting the uptake of Cl* and, since this limitation 
was partly removed by DNP, it follows that the cell membrane plays a functional 
role, at least as regards the distribution of chloride. 


SUMMARY 


1. The chloride concentration of guinea-pig kidney cortex slices was un- 
altered when they respired at 25 or 37° C, but increased 50°, when respiration 
was abolished by anoxia or reduced by cooling, or when the supply of energy 
was reduced by dinitrophenol. 

2. The uptake of *Cl by slices of kidney cortex incubated aerobically and 
anaerobically at 37° C showed a rapid entry of *Cl into 0-27 ml./g tissue, whilst 
the remaining cellular chloride exchanged much more slowly with half times 
of 1-5 and 3-3 min respectively. During aerobic incubation with dinitro- 
phenol, “Cl rapidly entered 0-51 ml./g tissue which means that 75 % of cellular 
chloride exchanged without restraint at the cell membranes; the half time for 
the exchange of the remaining chloride was 9-4 min. 

3. The inulin space of guinea-pig kidney cortex slices in all conditions of 
incubation was 0-24-0-27 ml./g tissue. 
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HANDLING OF PHOSPHATE BY THE HUMAN KIDNEY AT 
HIGH PLASMA CONCENTRATIONS 


By D. LONGSON, J. N. MILLS, 8. THOMAS anp P. A. YATES 
From the Department of Physiology, University of Manchester 


(Received 28 September 1955) 


The diurnal rhythm in phosphate excretion in man (Fiske, 1921) is associated 
with a parallel rhythm in plasma phosphate concentration (Stanbury & 
Thomson, 1951; Mills & Stanbury, 1955). The renal response to a varying 
plasma phosphate concentration is said to depend upon a simple mechanism 
of maximum tubular reabsorption (Tm) in man (Schiess, Ayer, Lotspeich & 
Pitts, 1948) and dog (Pitts & Alexander, 1944), but not in the cat (Eggleton & 
Shuster, 1954) nor the rat (Crawford, Gribetz & Talbot, 1955). It is possible 
that this response may be different at different times of day, since there is said 
to be a diurnal rhythm in adrenocortical function (Hlmadjian, Bayliss & 
Thorn, 1955), and cortisone is said to depress the renal absorption of phosphate 
in the dog (Roberts & Pitts, 1953). The renal response to increased loads of 
phosphate at different times of day has therefore been studied. The results 
suggest that a simple Tm mechanism provides an inadequate description 
of the renal ‘handling’ of phosphate in man under certain conditions. 


METHODS 


Details of the five subjects used are given in Table 1. They were not in a basal state, and ate a light 
meal before experiments, but took no caffeine nor related substances. During the experiment the 
subject remained seated apart from rising to void urine; no food was taken, but water was drunk 
freely in order to maintain a large urine flow. An initial blood sample was collected to determine 
plasma phosphate concentration and inulin blank, the bladder was emptied, and intravenous 
infusion of phosphate and inulin began. This was given in earlier experiments from a burette. 
Complete asepsis was difficult, and occasional febrile reactions and rigors suggested that pyrogens 
may have been accidentally introduced. In later experiments a constant infusion device similar 
to that described by Clutton-Brock (1954) was used, whereby a syringe delivering a constant 
volume of about 0-4 ml. is operated by a solenoid activated by a monostable multivibrator which 
is controlled by a master oscillator of variable frequency. This permits automatic infusion of 
0-4 ml./min, whilst faster rates can be obtained by hand operation. No further rigors were 
experienced after the introduction of this apparatus, though subjects often suffered malaise after 
infusion of the larger amounts of phosphate. 

The usual procedure was as follows: priming phosphate, a buffered mixture of sodium dihydrogen 
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phosphate and disodium hydrogen phosphate, pH 6-9-7-1 at 37°C, phosphate concentration 
480-630 mm, 45-135 ml. given in 10-45 min. Priming inulin (Kerfoot, Vale of Bardsley, tested 
by the manufacturers and found to be pyrogen-free), 25 ml. 10% inulin given in 2-4 min. Sus- 
taining infusion, a buffered mixture of the two phosphates, pH 7:25-7:30, phosphate concentration 
48-63 mM, inulin concentration 26-30 mg/ml., 180-260 ml. given in 1$-3} hr. This procedure 
usually resulted in a fairly constant plasma inulin concentration of around 0-3-0-4 mg/ml., and 
a plasma phosphate concentration falling slowly from a peak of 3-5 mm to about 2 mm. 

In a few experiments, M2, M3, T3 and Y7, a high plasma phosphate concentration was main- 
tained for up to 3hr by using a stronger sustaining infusion, phosphate 165-200 my, inulin 
25-30 mg/ml. This always led to painful thrombosis, and permanent loss, of a vein. In one experi- 
ment, M1, a rising plasma phosphate concentration was obtained by giving a second priming dose 
of phosphate. 

Blood and urine samples were collected at intervals of 10-25 min for up to 3 hr, beginning 
usually some 10 min after the start of the sustaining infusion. Blood was obtained from an in- 
dwelling cannula in a vein in the opposite arm to that receiving the infusion ; it was heparinized and 
centrifuged immediately. 

Plasma phosphate concentration was plotted against time, to permit interpolation. It was 
assumed that urine samples corresponded to the plasma composition 2} min earlier (Smith, 1951, 
p. 42). Phosphate filtered was calculated in the conventional way, as the product of plasma phos- 
phate concentration and inulin clearance, and reabsorbed phosphate as the difference between that 


filtered and excreted. 
Analytical methods 

Phosphate—Fiske & SubbaRow (1925); inulin—Dick & Davies (1949); creatinine (urine)— 
Bonsnes & Taussky (1945); creatinine (plasma)—Brod & Sirota (1948); potassium—flame photo- 
meter, EEL (Collins & Polkinhorne, 1952); pH—glass electrode at 37° C. 

Creatinine outputs and clearances are not here reported. At first, clearances were determined 
and were found, as claimed by Brod & Sirota (1948), to be close to inulin clearance. We later 
confirmed the observations of Roscoe (1953), indicating that this agreement is purely fortuitous 
and dependent upon slow development of colour from the acid plasma filtrate. Henceforward 
creatinine output was compared with inulin clearance, for a rough proportionality and similar 
directional changes. In one experiment only, these quantities changed in opposite directions: the 
results of this experiment were therefore regarded as erroneous, and ignored, as insufficient 
material was available for repeat analyses. 

The standard error of the mean of duplicate plasma or urine inulin determinations, calculated 
from 171 pairs of analyses, was 0-025 mg/100 ml., and the diluted samples analysed contained 
usually 2-2-5 mg/100 ml. The standard error was thus about 1% of the actual value. Protein 
precipitation was performed upon duplicate aliquots of sixteen plasma samples, and the variance 
between analyses upon these separate filtrates of the same plasma was little more than that between 
separate aliquots of the same filtrate. Inulin clearance is calculated from the ratio of urine to 
plasma concentration, each subject to a standard error of about 1%, so the clearance has a 
standard error of about 14% (1% x ./2). Only one determination in twenty should therefore be 
in error by more than 3% (twice the standard error) through inaccuracy in inulin estimation. 


RESULTS 


Twenty-three experiments were performed upon five healthy male subjects 
(Table 1). The relationship between phosphate excretion and plasma phosphate 
concentration will first be considered, without reference to the inulin data. 

Fig. 1 shows a form of relationship that was observed in ten experiments, 
referred to as group I. The regression of phosphate output upon plasma phos- 
phate concentration ({P],) is linear. Each increment of plasma phosphate 
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concentration resulted in a proportional increment of phosphate excretion. If 
plasma phosphate concentration was proportional to phosphate filtered at the 

merulus, that is, if G.F.R. was constant, this represents the conventional 
{Tm hypothesis (Smith, Goldring, Chasis, Ranges & Bradley, 1943). Even the 
lowest plasma concentration appears to exceed the ‘saturation threshold’, 
above which the tubules can reabsorb no more phosphate. On this interpreta- 
tion G.F.R. is equal to the slope of the regression line, and Tm is the vertical 


1. Subjects examined 
Surface area No. of 


Subject Age (yr) (m*) expts. 
D 30 1-94 4 
L 23 1-73 l 
M 40 1-83 6 
T 29 1-67 4 
23 1-71 8 | 
400 F- Expt. D2 
; 
300 
| 
' 


P output (umole/min) 
8 
T 


0 1 2 3 
[Pl ptasma (mm) 


Fig. 1. Expt. D2. Phosphate output at different plasma concentrations, with linear regression 
inserted. The parallel line through the origin represents phosphate filtered, and the vertical 
discontinuous line phosphate reabsorbed. 


distance between the lines representing phosphate filtered and phosphate 
excreted, determined geometrically as the negative intercept of the regression 
line upon the ordinate. The G.¥.R. thus calculated in this experiment, from 
phosphate data alone, was 121 ml./min, and the inulin clearance was constant 
and almost identical, 118 ml./min. The phosphate Tm calculated from the 
regression line was 148 jmole/min, and that determined from inulin clearance 
was 139 umole/min. 
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In Table 2 the calculated c.F.R. and Tm are shown for comparison with those 


determined with inulin in these ten experiments, and it will be seen that the — 


agreement is good, though better for the o.¥.x. than for Tm. The mean 
excess of the determined over the calculated value is 1 ml./min for G.¥.R. and 
4umole/min for phosphate Tm (Tm,). 

Also included are five further experiments compatible with this form of 
relationship, but in which regression coefficients could not be accurately 
calculated, owing to the small number of clearance periods, or in one (D4) to 
suspected errors in bladder emptying. Plasma concentrations and filtered 
loads are included in the table, to show the levels at which ‘saturation thres- 
hold’ had been reached. 


Tasxx 2. Group I experiments, including comparison between glomerular filtration rate and 
phosphate Tm, calculated from relationship between phosphate excretion and plasma phos- 
phate concentration, or determined with the aid of inulin clearance 


P infused 
Expt. Time of day (m-mole) 


D1 1010-1300? 5 120 117 148 139 237-390 
D2 14.50-17.50 88 5 121 118 185 174 2350 257-593 
10.50-1240 91 8 147 200-500 

a 6 4-0-5: 76-501 
pap {3 — — 406-456 
Ll 9 107 1:70- B12 
M5  18.30-1650 75 8 106 109 20-85 215-965 
M6 —-13.20-15.50 66 7 104 «116s 
Tl 1415-1760 76 8 83 82 120 141 2584 193-383 
T2  10.20-1300 76 8 98 94 124 110 21-41 185-357 
T4 65 6 79 #8 £98 2235 191-267 
Yl  10,00-12.00 4 — 4S 16 » 
¥2* 10,00-12.10 50 4 — — 351-517 
¥3  15.00-17.10 52 6 150 «154 BBB 285-447 
Y8 1320-1540 62 4 — 10 — 128 2029 9211-293 


In Expt. D4, a=6 clearance periods before K ingestion and b =3 periods following. 
* Omitting 2 points below saturation threshold. 

The figures in Table 2 give no support to the possibility of a regular diurnal 
variation in phosphate Tm. If such exists, it is swamped by the quite large 
variations from one day to another: 

In eight other experiments by contrast, referred to as group II, there was 
little or no relationship between phosphate excretion and plasma phosphate 
concentration. Examples are shown in Fig. 2 of an experiment (Y7) in which 
phosphate excretion rose steadily despite falling plasma phosphate con- 
centration, and another (M3) in which excretion varied widely despite a nearly 
constant plasma phosphate concentration. In all such experiments the inulin 
clearance varied considerably, and phosphate excretion was related to filtered 
load rather than to plasma concentration, as shown for three experiments 
in Fig. 3. These have been chosen to include one with a progressive rise in 
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inulin clearance, Y7, one with random variations, M3, and a third with a pro- 
ive fall, Y5. It appears that phosphate excretion is related to plasma 
phosphate concentration only if G.¥.R. is fairly constant, when filtered load is 


directly proportional to plasma concentration. 


400 
Aa Y7 
350 
es 
ja 
04 
300 
hy 
24 
14 
1 
200 L 200 
35 40 200 300 400 500 ; 
[Ploiasma (mm) P filtered (umole/min) 
Wig. 2. Fig. 3. 


Fig. 2. Expts. M3 and Y7, showing phosphate output apparently unrelated to concentration in 
plasma. Clearance periods are numbered in sequence in each experiment. 

Fig. 3. Phosphate output and phosphate filtered in three experiments, with linear regressions 
inserted. Clearance periods are numbered in sequence. 


In two experiments, shown in Fig. 4, this plot of phosphate excretion 
against phosphate filtered showed that at the lowest filtered loads the tubular 
maximum had not been attained. The two points in each of these experiments 
which appear to be below ‘saturation threshold’ have been omitted from 
further calculations. With these omissions one of these experiments falls into 
group I, and the other. into group II. For this subject, Y, the “saturation 
threshold’ can thus be fixed at between 310 and 350 mole P/min in one experi- 


Ment, and between 280 and 320 in another; in experiment Y3, Table 2, it ap- 


pears that this threshold had been attained at a filtered load of 285 umole/ 


min, whilst other subjects had much lower ‘saturation thresholds’. There 
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appears to be considerable variation between subjects, and even from day to 
day in one subject. 

On the conventional Tm hypothesis the regression coefficient of phosphate 
excretion upon filtered load should be unity, provided that the filtered load is 
large enough; when Tm has been attained, any increment in the filtered load, 


Y2 
a Y4 
E 
a 
100 F 
a 
i i 
200 300 400 500 


P filtered (mole/min) 

Fig. 4. Phosphate output and phosphate filtered in two experiments in each of which two 
clearance periods appear to be below saturation threshold. Regression lines are fitted to the 
other four points only of each experiment. 

TasLe 3. Group II experiments, with variable 


Range of 
filtered of P of P 


P [P le/ pmole/ (yumole/ 

i G.F.R. (mo ( 8.E. 

Expt. (m-mole) tions (ml./min) (m-mole) min) min) b of d Pp 
y4t 52 4 115-145 2440 330-460 120-270 190-210 1099 0074 0-403 
¥5 51 7 21-39 210-600 60-270 150-330 0-525 0-055 <0-01 
Y6 60 5 99-151 210-460 130-220 0-967 0-204 0-008 
YT 103 3 95-185 3840 380-700 220-330 160-370 0-349 0-036 

Ml 100 6 114-146 23-36 270-410 110-225 160-230 0-705 0-053 <0-01 
M2 100 4 112-141 3044 440-630 280-370 160-260 0-462 0-062 

M3 160 10 118-155 3842 480-650 300-400 180-260 0-591 0-134 0-02-00! 
M4 3 130-165 23-32 380-420 90-190 230-200 2-196 0-274 0-201 


b =regression coefficient of P output upon P filtered. 
* Probability that 5 =1. 


t Omitting two points below ‘saturation thgeshold °. 


whether due to increment of G.¥.R., plasma phosphate concentration, or both, 
should lead to an equal increment in phosphate excreted. It is, however, 
apparent from Fig. 3 that the regression coefficients of the three experiments 
here represented were well below unity; that is, as filtered load increased, 
phosphate excretion did not increase equally, so that more phosphate was 
being reabsorbed. In Table 3 are collected the regression coefficients from all 
eight experiments, with their standard errors and the probability that each 
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coefficient differs from unity. It will be seen that only two of the regression 


coefficients approach unity, five are considerably less, and one is over two. In 
many of these experiments the lowest filtered loads were far in excess of those 
at which phosphate Tm was usually attained; whilst in others, such as those 
shown in Fig. 3, the graph shows no appearance of being compounded of an 
upper part, with a slope of unity, and a lower part with a more gentle slope, as 
might occur if some points were below saturation threshold. The possible inter- 
pretation of these regression coefficients will be considered in the Discussion. 

Comparison of figures for G.F.R. and phosphate reabsorbed in experiments on 
subject M in Tables 2 and 3 shows that in the group II experiments these 
quantities were variable, but even so, their lower limit was above that of 
group I experiments. A large and variable G.¥.x. was apparently associated 
with a large and variable phosphate reabsorption. For subject Y in the only 
experiment with a low G.¥.R., Y8, the phosphate Tm was also low. This 
experiment was the only one performed on this subject after adequate pre- 
cautions against pyrogens had been introduced. 


TaBLE 4, Effect on G.¥.8. and phosphate Tm of oral administration of 
30 m-equiv KHCO,, after six clearance periods 


Expt. oan vise M3 D4 

K deficit During first 6 19 3 
(m-equiv) clearance periods 

Mean G.F.R. First 6 periods 140 102 

(ml./min) Last 3 or 4 periods 141 113 

Mean Tm, First 6 periods 229 96 

(wequiv /min) Last 3 or 4 periods 220 121 


No regularly progressive change in phosphate Tm was observed odie an 
experiment. A variable potassium loss always occurred, however, as sodium 
phosphate was infused and a part of the excreted phosphate was ‘covered’ by 
potassium. In two long experiments 30 m-equiv KHCO, was taken by mouth 
after the first six clearance periods, and the effect observed over a further 
three or four periods. Adequate absorption was indicated by a progressive rise 
in urinary pH and potassium excretion. Table 4 shows that in one experiment, 
in which a considerable potassium deficit had developed, Tmp and G.¥.R. were 
unaffected by potassium administration, whilst in another, in which negligible 
potassium deficit had developed, potassium administration was followed by 
increased G.F.R. and Tm. 


DISCUSSION 
Renal delay temes 
Smith (1951, p. 42) suggested that in calculating renal clearances, excretion 
should be related to the plasma composition 2} min earlier. Brun, Hilden & 
Raaschou (1949) suggested a mean delay of 5 min at flows of 2-5 ml./min, 
res at higher flows. Bradley, Nickel & Leifer (1952) calculated that 
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75% of human nephrons have delay times of under 10 min, but that 5% of 
nephrons have delay times of up to 30 min. Their figures are probably an over- 
estimate, for Emery, Holmes, Davies & Black (1955) have advanced an alter- 
native explanation for the findings; and more recently Childs, Wheeler, 
Cominsky, Leifer, Wade & Bradley (1955) have calculated that 62°% of 
glomerular filtrate reaches the bladder in 4-6 min. It appears that 10 min is an 
outside limit for the mean delay time. If plasma concentration changes are 
small and regular, correction can be made by using a single figure for mean 
delay. All clearances and phosphate Tm’s here reported have been calculated 
on the assumption both of a 2} min and of a 10 min delay time. At the fairly 
constant plasma and inulin concentrations used the figures derived from the 
two calculations have rarely differed by more than 10%. 


Experiments at normal, constant G.F.R. 


The opinion that phosphate shows, in man, a stable renal tubular maximum 
appears to rest upon the experiments of Schiess e¢ al. (1948), performed upon 
a single subject and published without data for a.¥.r. The present experiments 
with a constant G.¥.R., shown in Table 2, are in agreement, and it is shown that 
such an excretory mechanism may plausibly be deduced from a consideration 
of the relationship between plasma phosphate concentration and phosphate 
excretion. No assumptions need therefore be made concerning inulin clearance, 
upon whose identity with G.F.R. some workers have cast doubt (Wolf, 1950; 
Ladd & Gagnon, 1954). However, the a.¥.R. calculated from these experiments 
was in fact very close to the inulin clearance; and in those experiments in 
which phosphate excretion bore no simple relationship to plasma phosphate 
concentration, the excretion appeared related to filtered load as calculated 
from inulin clearance. There is therefore internal evidence that the inulin 
clearances determined in these experiments were fairly close to the G.¥.R., and 
hence that the inulin did not suffer from the defects found in some samples by 
Ladd & Gagnon. 

Few figures are available to fix the ‘saturation threshold’, that is, the 
filtered load at which tubular reabsorptive capacity is first saturated, since we 
attempted in all clearance periods to exceed this level. Subject L had reached 
his threshold at a filtered load of 170 umole/min, and T at 185; Y had attained 
his threshold on some occasions at 210, 240 and 285 umole/min, whilst on two 
occasions he did not reach threshold until his glomeruli were filtering over 
300zmole/min. Since this subject usually showed a high Tm, it is not sur- 
prising that his saturation threshold was also high. The subject of Schiess et al. 
(1948) had a saturation threshold around 200 umole/min. 

No evidence has been found of regular diurnal changes in phosphate Tm. 
Experiments (unpublished) at normal or slightly elevated plasma phosphate 
concentrations support the findings of Schiess et al., that below saturation 
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threshold the tubules reabsorb less than their maximal capacity, leaving some 
non-absorbed phosphate in the lumen; even at subnormal plasma phosphate 
concentrations some phosphate is still excreted. Since the filtered load is 
normally below saturation threshold, it is possible that an exploration of the 
renal ‘handling’ of phosphate at such moderate plasma concentrations might 
throw light upon diurnal rhythmicity. Schiess et al. claim, for instance, that 
increased phosphate excretion in acidosis is due to a depression of reabsorption 
at moderate plasma concentrations, despite an unaltered Tm. 

It would be premature to speculate upon the cause of the day-to-day 
variations in phosphate Tm. Various factors, such as cortisone (Roberts & 
Pitts, 1953) and vitamin D (Harrison & Harrison, 1941), are said to depress 
phosphate reabsorption, but there is no evidence whether these or other 
factors are responsible for the variations here reported. 

Hogben & Bollman (1951) found in the dog that phosphate Tm declined 
progressively to 25-50 °%, of its initial value during a series of clearance periods 
extending over 3—4 hr, and that this decline was usually prevented by adding 
potassium to the infusate. Correction of the negative potassium balance in 
experiment M3 had no effect on G.¥.R. or Tm). In experiment D4, potassium 
administration was followed by an increase in Tm,, but only in association 
with an increase in G.¥.R. 


Experiments at raised, variable a.r.R. 


In most of the group II experiments shown in Table 3—those with regression 
coefficient below unity—phosphate reabsorption increased with filtered load, 
even at values obviously above saturation threshold. An apparent rise in Tm 
with high filtered loads has been interpreted by Lambert, van Kessel & Leplat 
(1947) as due to the presence in plasma of non-filterable phosphate, when the 
total concentration exceeds about 3mm. This cannot account for our results; 
when a high filtered load was due to a high plasma phosphate concentration, 
the reabsorbed phosphate remained unaltered, and the reabsorption only in- 
creased when a high filtered load was due to a high c.F.R. Govaerts (1952) also 
argues that a certain fraction of plasma phosphate is non-filterable at the 
glomerulus, since after infusion of isotopic phosphate the specific activity of 
the urine exceeds that of the plasma. This is a common observation after the 
administration of a variety of isotopes, and has been interpreted by Bradley 
et al. (1952) as due to renal delay. Another explanation is suggested by the 
work of Emery et al. (1955), so that the interpretation put upon his findings by 
Govaerts has little foundation. Harrison & Harrison (1941) claimed that some 
non-filterable phosphate appeared in the plasma soon after an infusion, but 
disappeared within an hour. We usually allowed nearly an hour between the 
start of infusion and the first clearance period, for stabilization of plasma 
phosphate and inulin concentrations; an occasional very high phosphate re- 
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absorption in the first period has been disregarded, since it could be due either T 
to the non-filterable phosphate described by Harrison & Harrison, or tofaulty { side 
allowance for delay times through ignorance of plasma concentration immedi- of p 
ately before the clearance period. Hogben & Bollman (1951) found no non- | alth 
filterable phosphate in the plasma of dogs even when the concentration had upo 
been raised to about three times the highest level we have ever achieved. It has 
seems therefore unlikely that error has been introduced into our experiments , the 
through the presence of non-filterable plasma phosphate. as t 
pha 
Tm 
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Fig. 5. Expt. M3. Successive determinations of plasma phosphate concentration, @, G.F.R., TI 
A, and phosphate reabsorbed, §§. Urinary data are plotted at the mid-point of the collection be 
| 
fir 
High phosphate reabsorption was however more closely related to high , 
a.F.R. than to high filtered load or plasma phosphate concentration. When 
variations in filtered load were due largely to varying plasma phosphate con- m 
centration, with constant G.¥.R. (experiments of Fig. 1 and Table 2), phosphate eu 
reabsorption was independent of filtered load above the ‘saturation threshold’. G. 
When variations in filtered load were due largely to varying G.¥.R., with nearly fr 
constant plasma phosphate concentration, phosphate reabsorption rose and ’ is 
fell with every rise and fall of filtered load. This is strikingly shown in Expt. Ww 
M3 (Fig. 5; see also Figs. 2, 3 and 6). Here a high steady plasma phosphate } ol 
concentration was maintained, and the random changes in G.¥.R. were accom- F 
panied by more or less proportional changes in phosphate reabsorption. n 
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This apparent dependence of phosphate Tm upon a.¥.R. needs careful con- 
sideration, since it leads to certain unorthodox conclusions. A direct regression 
of phosphate reabsorption upon G.F.R. would be suspect for two reasons: first, 
although the two quantities have no necessary physiological connexion, and, 
upon orthodox theory, they should be independent when saturation threshold 
has been exceeded, they cannot be determined independently; and secondly, 
they were measured within a time series. Phosphate reabsorbed is calculated 
as the difference between filtered and excreted phosphate, and filtered phos- 
phate as the product of plasma phosphate concentration and G.F.n. Hence 
any errors in determination of G.¥.R. will lead to a spurious correlation. This 
was appreciated by Harrison & Harrison (1941), who observed a high phosphate 
Tm at high G.¥.R. in dogs, but were reluctant to draw any conclusions. We 
have attempted to circumvent the difficulty by exploring the relationship 
between filtered and excreted phosphate. 

Suppose the hypothesis to be correct, that phosphate reabsorption increases 
with G.F.R. Then if an increase in filtered load be due largely to increase in 
G.F.R., the phosphate excretion will not increase equally with filtered load, and 
the regression coefficient of excreted on filtered phosphate will be below unity. 
This can be observed in most experiments of Table 3. In one experiment, 
however, M4, the regression coefficient exceeds 2, suggesting that at high 
filtered loads much less phosphate was reabsorbed. In fact in this experiment 
the highest filtered load, 420umole/min, corresponded to the lowest G.F¥.R., 
130 ml./min, so again dependence of phosphate reabsorption upon G.F.R. is 
suggested. 

The correlation coefficients of Table 3 and Fig. 3 are incompatible with the 
simple Tm concept. They are immediately explicable if Tm varies with G.F.R. 
It therefore seems justifiable to plot phosphate reabsorption against G.F.R. 
This has been done in Fig. 6 for Expts. M 1-4, and a single regression line has 
been fitted to all the data. Similar plots for Expts. Y5 and Y7 are shown in 
Fig. 7. It might seem more logical to have plotted the data in this way in the 
first place, were it not for the possibilities of spurious correlation discussed 
above. 

We claim no high reliability for the inserted regression lines, since deter- 
mination of plasma and urine inulin, as well as urine flow, enter into the cal- 
culation of both variables. Even so, the random error of determination of 
G.¥.R., assessed from our duplicate inulin analyses and duplicate extractions 
from plasma, can seldom have exceeded 3 % , so that the apparent relationship 
is probably valid. As for the possibility of false association if both variables 
were changing progressively through unknown factors acting through the lapse 
of time, this is negatived by the fact that the variations were random. In 
Fig. 7 the successive periods are numbered, and it will be seen that there was 
no regular change of either variable with time. 
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Gross errors of bladder emptying could lead to spurious correlation between 
phosphate reabsorption and G.¥.R., or between phosphate excretion and 
filtered load. The four subjects chiefly used are those whose ability to empty 
their bladders was investigated by Mills, Thomas & Yates (1955). Subject M 
seemed always to empty his bladder consistently; and the small residual 
volumes occasionally shown by T and Y are of little importance with the 
usual urine samples of over 100 ml. Subject D, however, sometimes had a 
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Fig. 6. Phosphate reabsorbed plotted against G.¥.z. for four experiments 
upon subject M, with linear regression fitted to all the points. 


large residual volume. Random irregularities in flow and output for this 
subject have therefore been disregarded and no experiment upon him has been 
included in group II. The linear relationship between phosphate output and 
plasma phosphate concentration found in Expts. 1-3 on this subject (Table 2) 
suggests, however, that bladder emptying was in these experiments adequate. 

Apart altogether from the correlation between phosphate reabsorption and 
G.F.R. in a consecutive series of clearance periods, a similar association can be 
seen on comparing experiments on different days on the same subject, parti- 
cularly on comparing the low G.¥.R. experiments, Y8 and M5 and 6, with the 
high G.F.R. experiments, Y1-7 and M1-4. Neither bladder emptying errors 
nor spurious correlations within a time series could explain this association. 

A fairly constant G.¥.R. can be achieved under suitably constant conditions 
(Davies & Shock, 1950), but our subjects were not strictly basal. Quite wide 
variations in G.F.R. can occur: Robinson (1954) mentions an increase to 
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285 ml./min (more than twice the initial value) on infusion of 10% NaCl. 
Variations between subjects may be quite large, as may those in one subject on 
different diets (Pullman, Alving, Dern & Landowne, 1954). In most of the 
experiments here reported, G.¥.R. was similar to valueg reported by others, 
though in a few experiments in group II (Table 3) ti on Y in Table 2, 
some values were rather high. Two factors which may have been responsible 
were accidentally introduced pyrogens in early experiments, such as Y 1-7, 
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Fig. 7. Phosphate reabsorbed plotted against G.¥.z. for two experiments upon subject Y. Con- 
tinuous line is linear regression for experiment Y 5, discontinuous line for Expt. Y7. Clearance 
periods in each experiment are numbered in sequence. 


or the infusion of large amounts of phosphate. Smith (1951, pp. 446-451) found 
that pyrogens increased the renal circulation, and though he states that G.F.R. 
was unaltered, his fig. 83 shows an increase from about 100 to 150 ml./min. 
We have found no reports in the literature of the effect upon G.¥.R. of large 
phosphate infusions, either direct or secondary to depression of ionized 
calcium. In Expts. M 1-4 however, very large amounts of phosphate, 80-160 
m-equiv, were infused, and this may perhaps account for the unusually high 
and variable G.¥.n. in these experiments. Experiments (unpublished) in- 
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volving infusion of inulin without phosphate confirm that the inulin was not 
pyrogenic. 

Such variations in G.F.R. in these experiments could be due to the operation 
of more or fewer glomeruli or to the filtration of greater or smaller volumes at 
the same glomeruli. The classical ‘glucose titration’ of the kidney (Smith e¢ al. 
1943) merely indicates that among the functioning nephrons there is no wide 
dispersal of glomerular activity. It in no way excludes the possibility of a 
certain proportion of totally inactive glomeruli, as was pointed out by 
Kruhoffer (1950). The filtration of a greater volume of fluid through the same 
glomeruli should not affect Tm, although it would reduce the plasma concen- 
tration at which Tm was achieved. The opening up of reserve nephrons would, 
however, be expected to increase proportionally the maximal reabsorptive 
capacity of the kidney. Our data thus suggest the operation of a varying 
proportion of glomeruli at different c.¥.zx. This is contrary to the conclusions 
of Ayer, Schiess & Pitts (1947), who found that ¢.¥.R. in dogs could be varied 
over a range of 100% by altering the protein content of the diet, without 
altering phosphate Tm. In contrast, Handley & Moyer (1955) found that 
adrenaline, noradrenaline, morphine and haemorrhage in dogs, and walking 
and tilting in man, caused parallel reductions in G.¥.R. and glucose or PAH 
Tm; and they interpreted their results, as we interpret ours, as indicating that 
a certain fraction of nephrons may be inactive. It is possible that in different 
circumstances G.¥F.R. may vary by changes in the number of active glomeruli, 
or in the volume filtered by each, or both. Our observations and those of Ayer 
et al. (1947) are thus not incompatible. Other observations upon phosphate 
infusion in man with measurement of G.F.R. are somewhat sparse. Those of 
Barclay, Cooke & Kenney (1949) are difficult to interpret since they did not pub- 
lish the actual results, but only indices of renal function devised by themselves; 
and they appear to have used a single-injection technique for inulin clearance 
determination, which probably leads to a fall in plasma concentration too 
steep to permit accurate allowance for renal delay time. 

It is probable that high and variable G.¥.x.’s were here observed under 
abnormal conditions, i.e. infusion of very large amounts of phosphate in M, 
and perhaps pyrexia in Y. In a more recent experiment upon subject Y (Y 8) 
after pyrogens were effectively excluded, and two experiments on M (M5 and 
6) with infusion of smaller amounts of phosphate, G.¥.R.’s were at the lower 
limit of, or below, those of group II (Table 3), and around the values reported 
by others under basal conditions. It thus appears that under the somewhat 
abnormal conditions of the group II experiments a number of additional 
glomeruli were open, producing a Tm considerably above those recorded by 
Schiess et al. (1948). The precise cause of these abnormal conditions is irrelevant 
to the argument. 


Handley & Moyer (1955) suggested that in conditions of reduced renal blood 


flow 
cont 
mos 
are 
" 
Inte 
upo 
oth 
suc 
l 
4 ve 
J wh 
tio! 
ou 
in 
hv 
4 to 
da 
reg 
as 
| ph 
co 
op 
| ne 
| 
fo 


RENAL PHOSPHATE EXCRETION 569 


flow some glomeruli might become inactive; the present work suggests that in 
conditions of abnormally increased renal blood flow more glomeruli may 
become active. This implies that, under normal resting conditions, in which 
most figures for renal clearances are obtained, a fair proportion of glomeruli 
are inactive, only to be opened up by vasodilator agents such as pyrogens. 
Miller’s (1953) observations on aminophyllin vasodilatation are most simply 
interpreted in the same way, as are also the observations of Selkurt (1954) 
upon the dependence of sodium reabsorption upon G.F.R. More work, with 
other tubular maxima and other vasodilator agents is, however, required before 
such a conclusion can be safely established. 


SUMMARY 


1. Measurement of phosphate excretion in healthy subjects during intra- 
venous phosphate infusion has revealed two forms of relationship: group I, in 
which phosphate output was linearly related to plasma phosphate concentra- 
tion, and inulin clearance was fairly constant ; and group II, in which phosphate 
output was not obviously related to plasma phosphate concentration, and 
inulin clearance varied over a wide range. 

2. Group I experiments are entirely compatible with the classical Tm 
hypothesis, and from them can be inferred a G.¥.r. and a phosphate Tm close 
to those calculated from inulin clearance. 

3. Considerable variations were observed between phosphate Tm from one 
day to another, in the same subject and at similar G.r.r. These were not 
regularly related to time of day. 

4. In group II experiments G.¥.n. was considerably and variably increased, 
as a result perhaps of pyrexia or infusion of large amounts of phosphate, and 
phosphate reabsorption increased with it, even at high plasma phosphate 
concentration. 

5. The dependence of phosphate reabsorption upon G.F.R. suggests the 
operation of varying proportions of nephrons, even at G.¥.R.’s considerably 
above normal. It thus appears that under normal conditions a proportion of 
nephrons may be inactive. 

Our thanks are due to Mr A. J. Benson for construction of the multivibrator; to Mr M. Longson 


for acting as a subject; to the Department of Pharmacy, Manchester Royal Infirmary, for the pre- 
paration of phosphate solutions for infusion; and to Mr P. J. Conlan for technical assistance. 
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Note added in proof. Since this paper went to press, Anderson (1955) has 
reported experiments with results very similar to those of our Group I. The 
differences between G.F.R. calculated from phosphate data and from inulin 
clearance are very similar to ours. Anderson fails however to indicate that 
small errors in calculation of G.¥F.r. lead to proportionately much larger 
errors in Tm,. We have calculated the Tm, from his inulin figures and the 
data represented in his Fig. 5, and find that they differ from his values 
calculated from phosphate data in much the same way as do our own. 
Calculation of Tm, from phosphate data alone would lead to gross un- 
suspected errors should there be any progressive change in G.¥.R. during the 
period of phosphate infusion. | 
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THE POSSIBLE ROLE OF CARDIAC ATRIAL STRETCH 
RECEPTORS IN THE INDUCTION OF CHANGES 
IN URINE FLOW 


By J. P. HENRY anv J. W. PEARCE*+ 
From the Aero-Medical Laboratory, Wright-Patterson Air Force Base, 
Dayton, Ohio, and the Department of Physiology, 
University of Western Ontario, London, Canada 
(Received 17 June 1955) 


There is adequate evidence that changes in blood volume, unaccompanied by 


alterations in plasma osmotic pressure, will.lead to compensating variations — 


in urine flow (Metcalf, 1944; Welt & Orloff, 1951; Strauss, Davis, Rosenbaum 
& Rossmeisl, 1951; Henry & Gauer, 1951; Zuidema, Reeves, Clark, Henry & 
Gauer, unpublished). It has been suggested that such changes in urine flow 
may be provoked by alterations in the ‘fulness of the blood stream’ (Peters, 
1935). Receptors sensitive to variations in circulating blood volume have been 
postulated, and evidence that such receptors lie in the thoracic viscera, and 
specifically in the cardiac atria, has been provided (Gauer, Henry, Sieker & 
Wendt, 1954; Henry, Gauer & Sieker, 1956; Henry, Gauer & Reeves, 1956). 
These authors described experiments in dogs in which negative pressure 
breathing, designed to increase the thoracic blood volume selectively, was 
associated with a diuresis; positive pressure breathing was associated with 
antidiuresis. Distension of the left atrium alone by expansion of an in- 
dwelling balloon also resulted in a pronounced diuresis. The response to 
negative pressure breathing was abolished or reduced by section of, or cold- 
blocking, the vagus nerves (Henry, Gauer, Sieker, Wendt, Reeves & Lee, 
1953). There is little evidence (Gruber, 1933) that vagus nerves could serve as 
the efferent pathways of the diuretic mechanism, but blocking of afferent 
fibres could explain the interference with the reflex. 

Since the receptors sensitive to volume variations were believed to be in the 
atria, a search was made in the vagus nerves for afferent fibres from receptors 
affected by atrial distension. Such fibres have been described in the cat 
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(Paintal, 19534), with clear evidence that their receptors exist in the walls of 
both atria and respond to distension rather than pressure. These fibres were 
first described by Walsh & Whitteridge (1944), and their characteristics of 
discharge were more fully described by Whitteridge (1948). He deduced that 
the receptors were situated in the pulmonary circulation, a belief which 
appeared to be substantiated by the good correlation between pulmonary 
arterial pulse pressure and activity of the fibres (Pearce & Whitteridge, 1951). 
By mechanical stimulation at the site of the receptors Paintal (1953a) 
established, however, that they were in the atrial walls. He designated their 
fibres as type B to distinguish them from the earlier described venous fibres 
(Whitteridge, 1948; Neil & Zotterman, 1950; Dickinson, 1950), which were 
referred to as type A and which arise in receptors sensitive to pressure. 

The first purpose of the work reported here was to show the existence of 
atrial type B fibres in the dog, and to confirm that the stimulating mechanism 
was distension rather than transmural pressure increase. The second purpose 
was to demonstrate that the manoeuvres shown to be associated with diuresis 
in the dog would also increase the activity in these fibres. Early results of 
experiments with this objective are published in a preliminary report (Pearce 
& Henry, 1954). A third purpose was to show that changes in circulating 
blood volume, which are known to alter left atrial size (Salzman, Zuidema & 
Edelberg, 1955) are followed by corresponding changes in activity of the fibres. 
Infusions of saline have been shown (Whitteridge, 1948) to increase the activity 
of these fibres in the cat. A final objective was to compare the degree of cold 
block of the vagus nerves necessary to abolish the diuretic response to balloon 
inflation with that required to block nervous conduction in the fibres. 


METHODS 

General procedure and cardiovascular recording. Dogs were used, anaesthetized with 1 mg/kg 
of morphine and 70-80 mg/kg of chloralose; the anaesthetic level was maintained with chloralose 
at sufficient depth to prevent involuntary limb movement. After artificial ventilation was begun 
the chest was opened and a small rubber balloon (capacity 20 ml.), tied over the end of wide 
polythene tubing, was inserted through the auricle into the left atrium. In some animals snares 
were passed around the right and left pulmonary vein groups; the ends of the snares were brought 
to the outside of the chest within an airtight rubber drain sleeve. The chest wound was then closed 
and intrapleural air removed. The intrathoracic operations are fully described by Reeves (Reeves, 
Gauer & Henry, 1956), for whose operative skill and co-operation we are indeed indebted. 

Pressures in the right atrium, pulmonary artery (PAP) and femoral artery (AP) were trans- 
mitted through saline-filled polythene catheters to bonded resistance wire strain gauges. Left 
atrial pressure (LAP) was recorded similarly from a catheter which had been inserted into the 
atrium with the balloon. The natural frequency of these systems was over 80 c/s, and the time for 
transmission of the atrial pressure pulse to the gauge was about 5 msec. The strain gauges were 
connected to an oscillograph for viewing and recording pressure changes, or to an oscilloscope 
through condenser coupling for simultaneous recording of fibre discharge and atrial pressure. The 
time constant of the coupling was about 50 msec, an arrangement producing some distortion of 
the LAP pulse contour and magnitude in the simultaneous recordings but ensuring that the 
pattern remained on the screen. 
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Manoeuvres used to alter fibre activity. The techniques of application of negative pressure breathing 
(NPB) (Gauer et al. 1954), balloon distension and partial pulmonary vein ligation (Henry, Gauer 
& Reeves, 1956) are described in connexion with experiments on urine flow. The latter two pro- 
cedures were used to detect some higher threshold fibres and to distinguish between those from 
the right and left atria. Infusions of blood, 6% bovine albumin in physiological saline and saline 
alone were injected into a forelimb vein in 50 ml. aliquots warmed to body temperature. Blood 
was withdrawn from the femoral artery. 

Vagus nerve block and urine collection. During the experiments in which urine flow was measured, 
the urine was collected into a burette from a urethral catheter; the burette was read and emptied 
every 10 min. The vagus nerves were partially surrounded and in contact with silver cooling blocks 
through which flowed cold ethylene glycol from a reservoir; the degree of cooling was regulated 
by governing the rate of flow through the block, and measured with two thermocouples, one 
junction of each soldered into each block. A similar cooling procedure was used on the left side 
only, below the point of recording from vagus strands, in order to determine the temperature 
which blocked conduction in atrial fibres. 

Recording of electrical activity in the vagus. The technique of dissection of the vago-sympathetic 
trunk, with minor modifications, followed that already described (Whitteridge, 1948; Paintal, 
19534). The left cervical trunk was exposed through a mid-line incision; the flap of skin was 
retracted to form a trough which could be filled with warm liquid paraffin. After the nerve had 
been freed from the carotid sheath, a short length of the tough perineurium was removed under 
paraffin with a fine scissors. A binocular x 15 microscope was used and a bright spot lamp pro- 
vided both light and heat. Bleeding from the cut sheath had to be checked constantly with cotton- 
wool pledgets. When a length of about 2 cm of nerve was visible, small strands were plucked from 
the proximal end, cut across with a razor blade knife and separated downwards with this knife. 
The strand was then laid over a pair of silver input electrodes and wrapped around the second 
electrode. Great care had to be taken during separation of the strand as any tugging or bending 
of the fibre usually rendered it inactive. Strands were either silent, or showed irregular low 
voltage activity, or contained higher voltage spikes of afferent fibres of various origins. The silent 
strands and those showing only sporadic impulses were discarded. Active strands showing a 
cardiac rhythm were subdivided in an attempt to get single unit preparations wherever it was not 
felt that further interference with the fibre would lead to complete damage. It is stressed that a 
single unit preparation arrived at by this method may contain many nerve fibres, only one of 
which is undamaged and active. 

The input electrodes led to conventional push-pull condenser-coupled amplifiers connected 
to the Y plates of the upper beam of a double-beam cathode-ray oscilloscope. The simultaneously 
recorded e.c.g. (lead IT) was displayed on the lower beam and the QRS complex was used to trigger 
the sweep of both beams; the output from the strain gauge registering left atrial pressure could be 
switched to operate the lower beam in place of the e.c.g. Recording from the oscilloscope or the 
oscillograph was made using moving film or sensitive paper and stationary spots. 


RESULTS 
Characteristics of atrial stretch fibres 
In fifteen dogs seventeen fibres with a discharge characteristic of atrial type B 
receptors were found. The fibres showed both a cardiac and a respiratory 
rhythm, with increased activity or cessation of discharge during artificial 
inflation of the lungs. Where LAP was recorded, in no instance was there a 
discharge of impulses in time with the point of maximum pressure of the ‘a’ 
wave (corresponding to atrial systole), although occasionally there were a few 
impulses in time with the beginning of the ‘a’ wave or coincident with the ‘c’ 
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wave (corresponding to early ventricular systole), The main burst of impulses 
always coincided with the ‘v’ wave (corresponding to atrial filling and passive 
emptying). These features are illustrated in Figs. 1 and 3, and the usual pattern 
of discharge frequency, plotted against time of occurrence of impulses, is 
shown in Figs. 2 and 4. The plot was usually a single curve, occasionally with 


AP mm Hg 


| 


Fig. 1. The uppermost section shows the effect of distension of the indwelling left atrial balloon 
on AP, arterial pressure and LAP, left atrial pressure, each recorded by strain gauge and 
oscillograph; the balloon was distended during the period 3-8 sec. The next five sections 
record the response of atrial stretch fibres to distension of left atrial balloon. The first 
‘control’ record shows, from above downwards, the activity in two left atrial stretch fibres 
seen below the base-line, the e.c.g. from lead II and timing marks at 60 c/s. The same fibre 
activity is seen in the next section with LAP simultaneously recorded from the oscilloscope ; 
the component waves are identified. As the balloon volume increases during the period 
corresponding to 3-7 sec in the top record so do the frequency and duration of fibre discharge. 
On collapse of the balloon the LAP returns to control values and the fibre discharge reverts 
to a subnormal frequency. 


two humps and often irregular at higher frequencies. The average peak fre- 
quency during inspiration was 90/sec, occurring about 90 msec after the ‘7’ 
wave of the e.c.g. and approximately coincident with the peak of the LAP 
‘v’ wave. The small delay between the peak frequency and the peak of the ‘v’ 
wave may be explained by a delay in arrival of the pressure pulse at the strain 
gauge and a ‘phase shift’ produced by the condenser coupling between the 
strain gauge output and the oscilloscope. The average number of impulses 
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during inspiration was 8/beat. In some animals the discharge was of longer 
duration, having as many as 15 impulses/beat and beginning in time with the 
‘c’ wave of the pressure tracing. 


Impulse frequency per sec 


B. Beat during A. Control beat 
; balloon inflation (LAP 7 cm saline) 
sot (LAP 32cm saline) 
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Left atrial pressure 
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Fig. 2. Plot of impulse frequency against time for the same fibre over two heart beats (B) during 
and (A) following balloon distension. Data were obtained from records shown in Fig. 1. 
Time of occurrence of impulses in each beat is measured from the P wave of the corre- 
sponding e.c.g. The LAP and e.c.g. corresponding to B are represented below; distension of 
the balloon increases the heart rate, hence the peak frequency occurs earlier in the cardiac 
cycle than during the control period. ' 


Effect of balloon distension 

In thirteen experiments distension of the balloon in the left atrium produced 
considerable increases in the activity of the atrial fibre isolated. The increased 
activity, which began immediately, was evidenced by increased number of 
impulses per beat (average 20), increased peak frequency (average 160) and 
increased duration of discharge. The peak frequency usually oceurred earlier 
in the cardiac cycle, corresponding in part to the increased heart rate. In 
one experiment the peak frequency reached 500/sec; this suggests a maximum 
spike duration consistent with the view that the fibres were at least of medium 
diameter, recalling Paintal’s observation (19536) that the conduction rates of 
atrial stretch fibres in the cat are in the intermediate range. Some of these 
features are seen in Figs. 1-4. Often the frequency/time plot showed two peaks 
with an earlier high frequency burst corresponding to the ‘c’ wave. This 
discharge, associated with a high inflexion in the LAP tracing, may have been 
produced by regurgitation of blood through the mitral valve rendered in- 
competent by the distended balloon. There was never a discharge corresponding 
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to the peak of the ‘a’ wave; at this point the atrial pressure was greatest but 


? the volume least. The activity returned to or below control levels after balloon 


collapse (Figs. 1 and 3). 


| 
fast record 

Control Te 


Fig. 3. The effect of balloon distension on left atrial stretch fibre activity, upper line, with e.c.g. 
or LAP below. Timing marks are at 60 c/s. The slow records clearly show that the ‘a’ wave 

of atrial systole is unaccompanied by impulse discharge, in spite of the great increase of 
j atrial pressure at this time. 
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Fig. 4. Frequency time plot of one of the left atrial fibres shown in Fig. 3. During the period of 
balloon distension there is an early high frequency burst of impulses possibly due to mitral 


Oscillograph records of left atrial pressure, taken during normal respiration 
and a following balloon distension, were compared with oscilloscope records 
of left atrial stretch fibre activity, taken immediately before, during similar 
periods of respiration and balloon distension. Although the recordings were 
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not taken simultaneously, for technical reasons, the comparison showed that 
a better relation existed between the level of fibre activity and the rate of rise 
or pulse pressure of the ‘v’ wave than with mean atrial pressure. 

No clearly identified right atrial fibres, either type A or type B, were en- 
countered in these dissections of the left vagosympathetic trunk. 


_Effect of pulmonary vein ligation 
Tightening of these ligatures gave no consistent or marked change in the 
behaviour of six left atrial stretch fibres. In several cases the discharge was 
reduced or abolished. This procedure has previously been shown to cause 
marked rises in PAP with little change in LAP (Henry, Gauer & Reeves, 
1955), and the same effects were observed in these experiments. 


Control 4 


pressure 
breathing 


NPB off 
Fig. 5. Effect of NPB on discharge in left atrial stretch fibres. There is a moderate increase in 


consistent finding. 


Effect of negative pressure breathing (N PB) 

The activity of four left atrial stretch fibres was followed before, during 
and after NPB. A clear result is shown in Fig. 5. The increase in activity was 
small, with an average increase of about 15°% in mean number of impulses per 
beat over several respiratory cycles. The response of these fibres to balloon 
inflation, which increased the LAP much more, or to momentary suction on 
the trachea, which caused a greater fall in intrathoracic pressure, was greater 
than the increased activity evoked by NPB. 


Effect of bleeding and infusion 
Kach of these procedures was carried out during recording from eight left 
atrial stretch fibres. There was considerable variability in the resulting changes 
in level of activity, but on occasion alterations in the circulating blood volume 
by as little as an estimated 5% produced obvious effects on fibre discharge 
(Fig. 6). Following serial haemorrhages each decrease in activity was partially 
restored after a lapse of several minutes, presumably owing to cardiovascular 
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adjustments to decreased vascular pressures. Restoration of blood volume 
with whole blood produced an increase in fibre activity toward normal. In 
one experiment the infusion of 100 ml. of 6°% bovine albumin in physiological 
saline resulted in continuous discharge in a typical left atrial fibre (Fig. 7). 
The increase in activity of fibres with infusions of about 20% of estimated 
blood volume was considerably more than that observed with NPB at —10 cm 
water. 


Fig. 6. Effect upon left atrial stretch fibre activity of serial haemorrhages and blood re-infusion. 
The greatest (inspiration) and least (expiration) discharge per beat were selected from a 
complete respiratory cycle. Negative numbers represent the total loss of blood in ml. up to 
that time; positive number indicates total re-infusion. 


Effect of cooling of vagi on diuretic response to balloon inflation 
and on conduction in atrial stretch fibres 

In six experiments the diuretic response was abolished when the vagi were 
cooled to between 8 and 12° C. The response was usually again elicited after 
the vagi were allowed to resume body temperature. Such results are shown in 
Fig. 8A. 

Six left atrial fibres, in different experiments, were blocked by temperatures 
ranging from 4-5 to 12° C with an average value of 6° C. Wedensky inhibition 
began to reduce the discharge frequency at temperatures on average 6° C 


higher, The effect of cooling on a double fibre preparation is seen in Fig. 8B. 
37-2 
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Fig. 7. Effect upon left atrial stretch fibre activity of serial infusions of 6% bovine albumin in re 
0-9% saline followed by withdrawal of 100 ml. blood twice in succession. Numbers as in t] 
Fig. 6. The LAP is recorded, except in the fourth section where the e.c.g. is substituted for 
the pressure tracing. Note that the discharge becomes almost continuous after infusion of | a 
50 ml. and that the activity returns to a level below normal after removal of blood approxi- sl 
mately equivalent in volume to the amount of infusion. b 
fe 
d 
a 
0 
a 
Fig. 8. A: the increase in urine flow (ordinate, ml./10 min) in response to distension of a left ? 
atrial balloon (B.1.) is abolished by cooling the vagi to 9° C. B: conduction in two left atria! v 
stretch fibres is blocked at about 12 and 6° C. The spikes have been retouched. The blocking p 
temperature range is approximately the same as that which prevents the diuretic response to t! 
distension of the atrial balloon. e 
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DISCUSSION 


The existence of atrial type B fibres in the dog can be concluded from the 
similarity between the characteristics of discharge in these fibres and those of 
the fibres described by earlier workers in the cat. The prompt increase in fibre 
activity on inflation of the indwelling left atrial balloon, and the failure of the 
discharge to increase on tightening the pulmonary venous ligatures, confirm 
that the receptors lie in the wall of the atrium—or possibly in the pulmonary 
veins on the atrial side of the ligatures. 

The absence of a burst of impulses in association with the ‘a’ wave of the 
LAP tracing, when the pressure at this time is higher than at any other point 
in the cardiac cycle, is consistent with Paintal’s view (19534) that the receptors 
are stretch- rather than pressure-sensitive, At atrial systole the volume of the 
chamber is least, whereas just before the opening of the auriculo-ventricular 
valves, when the discharge frequency is greatest, the volume is also greatest. 
Electrokymographs of the left atrium (Andersson, 1952) may bear a strong 
resemblance in shape to the frequency/time plot of an atrial stretch fibre. If 
the origin of the ‘c’ wave of the venous pressure tracing is a bulging into the 
atrium of the atrio-ventricular valve (Wiggers, 1923), this could give rise to a 
sudden stretch of the chamber, accounting for the short-lasting high frequency 
burst occasionally seen in time with the ‘c’ wave. The inconsistent finding of a 
few impulses occurring in time with the beginning of the ‘a’ wave has been 
described before, in the cat with open chest, by Paintal (1953a) and suggested 
by him to have been ‘brought about by a change in the position of the heart’. 
In our experiments it is possible that a momentary stretch of one portion of 
the atrium, rendered unnaturally immobile by the indwelling balloon, occurred 
as the atrium began to contract in another portion. 

Although it is clear that these receptors discharge during atrial filling, and 
show increased activity during exaggerated distension of the atrium or in- 
crease in venous return to the heart, the precise nature of the stimulus cannot 
be determined from these experiments. The impulse frequency plot does not 
always correspond in shape or timing with the ‘v’ wave of the atrial pressure 
curve, although a delay in arrival of the recorded peak of the ‘v’ wave can be 
accounted for. The closer relation of levels of fibre activity to the pulse pressure 
of the ‘v’ wave than to the mean atrial pressure is not inconsistent with the 
view that atrial stretch fibres respond to atrial filling. Changes in mean 
pressure might produce variations in atrial distension within a range below 
the threshold of the receptors, while diastolic distension apparently always 
exceeds the threshold providing the circulating blood volume is adequate. 
Although atrial stretch receptors in the cat have been shown to adapt slowly 
(Paintal, 1953a), the initial frequency might depend on the rate of distension 
as Landgren (1952) has shown to be the case with carotid sinus baroreceptors. 
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This would explain the relation between pulse pressure and rate of rise of the 
‘»’ wave and number of impulses during a burst of short duration. It would 
then follow that rate of filling, as well as degree, might influence the discharge. 
It is conceivable also, since the atria are actively changing size by contracting, 
as well as passively expanding, that the filling volume of the atrium can only 
be appreciated by the integration of information from both stretch and 
pressure measuring receptors. 

Receptors buried in the atrial wall, or extended on either surface of it, and 
attached at both ends, would be expected to respond only to the variations 
in distension of the atrium which accompany changes in filling. Subendo- 
cardial and perimuscular sensory arborizations of vagal origin, which could 
qualify for this role by their location, have been described in the dog (Nonidez, 
1937; Woollard, 1935). Other receptors described, however, resemble known 
pressoreceptors and could be considered to belong to type A fibres. Further 
histological study of receptors in the atrium, after localization by electro- 
physiological methods, is needed. 

Both NPB and distension of the indwelling left atrial balloon produce 
diuresis, and both procedures increase the activity of atrial stretch fibres. The 
increase in response to NPB is small compared with the exaggerated discharge 
resulting from balloon inflation; the distension produced by the balloon is, 
however, restricted to one atrium. This may explain why the diuresis with 
NPB is often as great as that following balloon inflation. Small losses of blood 
are often associated with antidiuresis (Zuidema et al. unpublished) and are also 
accompanied by a considerable reduction in atrial stretch fibre discharge. 
Expansion of the blood volume with such isotonic infusions as plasma (Metcalf, 
1944), albumin solution (Welt & Orloff, 1951), saline (Strauss et al. 1951) and 
blood (Zuidema et al. unpublished) has been shown to result in diuresis. Such 
expansion of the circulating blood volume results in increased activity of these 
fibres, sometimes to the extent of producing a continuous discharge. Although 
there is as yet no experimental evidence, it is likely that other procedures 
which alter circulating blood volume and result in changes in urine flow 
(Table Il, Gauer et al. 1954) will also produce related changes in activity of 
atrial stretch fibres. 

The above suggestions of a direct relation between augmented atrial stretch 
fibre activity and increased urine flow have been in part subjected to the test 
that vagotomy, or cold block of the nerves, should abolish the relation. The 
response to balloon distension was prevented by cold block of the vagi. Also, 
in the case of NPB, the cold block usually abolished but occasionally only 
reduced the diuretic response (Henry et al. 1953). It is of interest that the 
blocking temperature range was close to that which partially or completely 
blocked conduction in the axons from atrial stretch receptors. Conclusions 
from this finding must be drawn with caution, however, in the light of Paintal’s 
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demonstration (19535) of the wide range of conduction rates of fibres of a given 


origin, and evidence of the wide range of blocking temperatures of fibres of a 
given function (Widdicombe, 1954). 

It has been shown recently in the dog that vagotomy does not abolish the 
diuretic response to isotonic infusions of bovine albumin in Ringer-Locke 
solution (Pearce & Roberts, 1955; also unpublished notes). This finding does 
not rule out the possibility that atrial receptors serve as one group of sensory 
endings concerned in the reflex production of diuresis by blood volume ex- 
pansion; but it indicates that there may be other receptors or other pathways 
for the atrial receptors. The possibility also exists that the bovine albumin 
solution produced a diuresis by some other means than simple expansion of the 
plasma volume, and experiments are to be done to determine the effect of 
vagotomy on the diuretic response to infusion of blood and on the anti- 
diuretic effect of haemorrhage. The speculation that carotid sinus endings 
might serve as a second set of stretch receptors had been suggested by the 
finding that stretch receptors exist in the sinus (Landgren, 1952). The diuresis 
following infusion of isotonic bovine albumin solution in dogs was, however, 
not uniformly abolished by both vagotomy and denervation of the carotid 
sinuses. It is necessary to conclude that, in addition to the atrial receptors 
with their fibres in the vagus, the body may be provided with other receptors 
or pathways by which it receives information which makes possible the 
regulation of blood volume by the control of urine flow. 


SUMMARY 

1. Afferent vagal fibres, with the discharge characteristics previously 
described for cardiac atrial stretch fibres in the cat, have been isolated in the 
dog. 

2. The increase in activity of such fibres from the left atrium on distension 
of an indwelling atrial balloon, and the absence of any augmented activity 
during partial obstruction of the pulmonary veins, confirms that the receptors 
lie in the atrium or possibly in the pulmonary veins near their mouths. 

3. The absence of discharge in the fibres during atrial systole, when the 
pressure is greatest, and the close relation of the peak discharge to maximum 
atrial filling in late diastole, when the volume is greatest, support the con- 
clusion that the receptors respond to stretch rather than to pressure. 

4. Several manoeuvres known to produce diuresis in the anaesthetized 
animal, distension of a balloon in the left atrium, negative pressure breathing, 
or expansion of the blood volume with isotonic infusions, each increase the 
activity in these fibres. Small haemorrhages, known to produce antidiuresis, 
decrease the activity in the fibres. 

5. The range of cooling temperature of the vagi which is necessary to 
prevent the diuretic response to balloon distension and negative pressure 
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breathing is close to that found in a small series to be necessary to block 
conduction of left atrial fibres. 

6. It is suggested that the filling volume of the cardiac atria, which bears 
a relation to the circulating or thoracic blood volume, could be appreciated by 
integration of information from both stretch and pressure receptors. 

7. It is proposed that cardiac atrial stretch receptors serve as one sensory 
mechanism in a reflex regulation of blood volume by control of urine output. 


We wish to thank Capt. J. L. Reeves, V.C. (U.S.A.A.F,) who prepared the animals surgically ; 
Capt. R. Edelberg, M.S.C. (U.S.A.A.F.) for help with the apparatus; Mr W. Bottom for technical, 
and Miss M. Lee and Mr N. Felauer for analytical assistance; and Prof. G. W. Stavraky for the 
loan of electronic apparatus. The periodic visits of one of us to the Aero-Medical Laboratory were 
made possible by the generous support of the R.C.A.F. 
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MOLECULAR INHOMOGENEITY AS A SOURCE OF ERROR IN 
INULIN CLEARANCE STUDIES 


By O. BASSIR 


From the Biochemistry Department, Area Pathology Laboratory, 
Westwood Hospital, Beverley, East Y orkshire* 


(Received 15 July 1955) 


In recent years there has been disagreement among workers in different parts 
of the world as to whether the straight-line relationship between plasma level 
and inulin excretion holds, whatever the concentration of the polysaccharide 
in the blood. The published results, e.g. those of Ferguson, Olbrich, Robson & 
Stewart (1950) and of Kennedy & Kleh (1953) are not always strictly com- 
parable, on account of differences in the technique employed. Barnard, Bassir 
& Hough (1955) observed in a number of individuals a marked fall in the renal 
clearance of inulin with the passage of time, especially 24-48 hr after a single 
intravenous injection. After considering a few other possibilities, these authors 
postulated molecular inhomogeneity of the inulin they used as a feasible 
explanation of their results. In the present paper evidence is presented on 
some of the physical properties of six different brands of inulin, as well as the 
fractional excretion of one of these after a single intravenous injection. 


EXPERIMENTAL PROCEDURE 


Paper electrophoresis 

Analysis of original solutions. Aqueous solutions of intravenous inulin were obtained from 
Israel (1), Beverley (2), Messrs Thomas Kerfoot and Co. (3 and 4, unpurified and recrystallized 
respectively), the United States (5) and Edinburgh (6). The numbers in brackets correspond to the 
code numbers in Figs. 1 and 2. After dilution to 1% (w/v), each was subjected to paper electro- 
phoresis in barbitone buffer at pH 8-6, and stained with a mixture of resorcinol and thiourea in 
an acid medium: 0-1 ml. of each solution was applied to strips of Whatman No. 31 filter-paper. 
Each run lasted 20 hr at 130 V, the current being approximately 0-5 mA/cm width of paper. 
After the electrophoresis, the paper strips were dried at 120° C in a hot-air oven. The dry paper 
was then sprayed with the resorcinol-thiourea reagent. This consists of two solutions A and B, 
which are mixed in the proportion of 8:2 (v/v) just before spraying. Solution A consists of 
approximately 8-2 n-hydrochloric acid; and solution B of thiourea 0-25 g, resorcinol 0-1 g, glacial 
acetic acid 100 ml. After spraying the strips are suspended in a hot-air oven at 120°C for exactly 
5 min, and then left to dry at room temperature, preferably in darkness. The coloured electro- 
phoretograms were scanned by the device of Bassir (1954) with a blue filter. 

Analysis of urine inulin. After a single intravenous injection of inulin (supplied as ready-made 
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solution in phials by Messrs Kerfoot and Co.) into a subject, urine was voided into a series of 
separate containers over a period of 24 hr. A blank specimen of urine taken before the injection, 
and each of the other samples, were submitted to the paper electrophoresis technique described 
bove. 

Differential precipitation with ethanol 

In the first experiment 2 ml. aliquots of 10% (w/v) solutions of the different brands of inulin 
were treated with successive 2 ml. portions of 20, 40, 60, 80 and 100 (v/v)% aqueous ethanol. 
After each addition of alcohol the mixture was shaken for 1 hr and centrifuged. The precipitate 
was collected and drained after each extraction, and the next portion of alcohol added to 
2 ml. of the supernatant. Each precipitate was taken up in hot distilled water, and 2 ml. of this 
added to 7 ml. of approximately 8-2 n-HCl+1 ml. resorcinol-thiourea reagent (Roe, Epstein & 
Goldstein, 1949). After heating for 5 min in boiling water to develop the colour, the inulin content 
was estimated in a spectrophotometer at 520 my. 


RESULTS 


Fig. 1 shows the diagrams obtained from scanning the electrophoretograms of 
the original solutions. It can be seen that more than one fraction is present 


0 
(2) Beverley 
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Fig. 1. Paper electrophoresis of intravenous inulin solutions. The graphs are diagrammatic 
representations of the distribution of inulin on filter-paper after electrophoresis of the samples 
from Israel, Beverley, Kerfoot (unpurified and recrystallized), United States and Edinburgh, 
respectively. The optical density readings represent the intensity of the colour given in the 
resorcinol-thiourea reaction by which the inulin fractions on the test paper are visualized. 
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in each brand of inulin, and the mobilities of the fractions are different. The 
Israel and unpurified Kerfoot samples appear similar in having a slowly moving 
fraction which forms an appreciable fraction of the whole. The Edinburgh and 
recrystallized Kerfoot samples do not show any pronounced peaks, while the 
Beverley and U.S.A. specimens appear to consist mainly of a fast-moving 
fraction sharply delimited from a few minor components. 
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Fig. 2. Precipitation of inulin with various concentrations of ethanol. 


Fig. 2 illustrates the results of the differential precipitation of inulin, with 
ethanol, from aqueous solutions. In this experiment, the pattern of recovery 
of the polysaccharide is approximately the same for the recrystallized Kerfoot 
and Edinburgh brands on the one hand, and the Israel and unpurified Kerfoot 
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variety on the other hand. The Beverley and U.S.A. specimens show inter- 
mediate characteristics. The result of a second precipitation experiment was 
almost identical with the first. At the most favourable concentration of 
alcohol, the percentages of the total inulin precipitated were approximately as 
follows: 65 for the Edinburgh and recrystallized Kerfoot specimens; 50 for the 
Beverley and U.8.A. samples; and 40 for the unpurified Kerfoot and Israel 
brands. 
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Fig. 3. Map showing migration of main component during electrophoresis 
of urinary inulin on paper. 

Fig. 3 is a diagrammatic representation of the migration of the main com- 
ponent of inulin (Kerfoot) excreted in the various samples of urine, after a 
single injection into a female subject. It suggests that a continuous increase 
in the proportion of fast-moving fraction of inulin excreted occurs up to 9 hr 
after the dose, and a decrease thereafter. Experiments on three other subjects 
have yielded similar results. 
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DISCUSSION 


Both the electrophoretic analysis of pure intravenous inulin solutions and the 
physico-chemical characterization by precipitation with ethanol indicate that 
(a) the molecular size (and perhaps structure) of the dissolved particles is 
heterogeneous; and () the relative amounts of the components differed con- 
siderably in the brands of inulin studied. 

Beattie (1954, unpublished) found a decrease in the clearance of inulin from 
two different species of Dahlia, especially 15 or more hours after injection. 
Artichoke inulin gave a value different from either of these. A similar decrease 
in clearance rate was observed in the dog by Beattie & Bell (1953), after the 
intravenous injection of fructosans which had been shown, by ethanol pre- 
cipitation and other physico-chemical means, to exhibit molecular inhomo- 
geneity. If the inulin injected were heterogeneous with respect to molecular 
size, and assuming simple glomerular filtration, we should expect the different 
particle sizes to be excreted in the urine at different rates. This is shown in 
Fig. 3 to be borne out in practice. 

In a previous study, Hough, Barnard & Bassir (1955) found that the pattern 
of urinary excretion of inulin after a single injection shows hysteresis, and that 
the two parts of the excretion curve may be formulated mathematically as 

(l—e~**) 4a, (l—e~*), 
where 2,, 2%, A,, and A, are constants which it is possible to evaluate from an 
analysis of the curve. It seems possible therefore that there are two separate 
excretory processes, one of which predominates over the other in the period 
up to about 10 hr after injection. 

In any case, it is clear that because of the molecular inhomogeneity of the 
different types of inulin and the uneven manner in which the fractions are 
excreted in the urine, clearance tests conducted with different kinds of inulin 
may give irregular or misleading results, unless the times of sampling are 
rigidly standardized (preferably in the middle of the early part of the excretory 
process), or comparison is made simultaneously on a clinically normal subject. 
It also follows that if it is desirable to obtain good agreement between the 
results of different workers in different countries, not only the same technique 
but also samples of the same brands of inulin must be employed. 


SUMMARY 
1. By means of paper electrophoresis and differential precipitation with 
ethanol, commercial samples of inulin solution from various parts of the world 
have been shown to have different physio-chemical properties. 
2. This heterogeneity of particle structure appears to be related to the 
pattern of excretion of the inulin after a single intravenous injection; and it 
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may, therefore, give rise to errors if clearance tests are performed with inulin 
from different sources. 


I wish to thank Messrs Thomas Kerfoot and Co.; Dr John Owen, of the Department of Clinical 
Chemistry, Edinburgh; Dr N. Herz, of the Department of Biochemistry, Rambam Government 
Hospital, Haifa and Dr Norman Deane of New York University College of Medicine for the supplies 
of inulin used in this study. 
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EXPERIMENTS ON THE INJECTION OF SUBSTANCES INTO 
SQUID GIANT AXONS BY MEANS OF A MICROSYRINGE 


By A. L. HODGKIN anp R. D. KEYNES 
From the Laboratory of the Marine Biological Association, Plymouth, 
and the Physiological Laboratory, University of Cambridge 


(Received 1 August 1955) 


Many instructive experiments on cell physiology could be performed if it were 
possible to change the internal composition of cells as readily as their external 
environment. Studies like those of Flynn & Maizels (1949), on human erythro- 
cytes, and of Desmedt (1953), on frog muscle, show that this is particularly 
true of problems connected with the ionic permeability of cell membranes, 
these authors having obtained interesting results by examining the behaviour 
-of cells whose intracellular ionic concentrations had been altered by prolonged 
exposure to abnormal media. However, such a technique is only practicable 
in the case of substances which penetrate the membrane with relative ease. An 
alternative approach which does not suffer from this limitation is to use the 
method of microinjection. Two types of microinjector have been described— 
one depending on the ejection of small volumes of fluid from very fine micro- 
pipettes by applied pressure (e.g. Chambers & Pollack, 1927; Heilbrunn & 
Wiercinsky, 1947; Arvanitaki & Chalazonitis, 1951; Grundfest, Nachmansohn, 
Kao & Chambers, 1952); and the other on the discharge of ions from similar 
micropipettes by electrophoresis (Nastuk, 1953; del Castillo & Katz, 1955; 
Niedergerke, 1955; Coombs, Eccles & Fatt, 1955). Both these methods can be 
used for producing local concentration changes close to the tip of the micro- 
injector, but they are unsuitable for introducing substances at a uniform con- 
centration into large cells. The purpose of this paper is to describe some pre- 
liminary work with a new microinjection technique which enables accurately 
known volumes of fluid to be injected into a precisely defined region of a squid 
giant axon. : 

When a 100, capillary filled with fluid is pushed down the centre of a fresh 
600 axon, pressures up to 200 mm Hg can be applied without discharging 
the fluid (Hodgkin & Katz, 19496), because the axoplasm behaves as a fairly 

firm gel. The fluid can be forced into the axoplasm with sufficiently high 
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pressures, but this is liable to damage the axon, and the extent of the flow is 
somewhat indeterminate. Our new method is based on the principle of 
applying pressure while at the same time withdrawing the capillary from the 
axon; it is then relatively easy to fill with fluid the space being vacated by 
the tip of the capillary. As will be seen, this was done by constructing a type 
of microsyringe which automatically ejected a volume of fluid equal to its own 
external volume when it was being raised out of the axon. 

The first experiments to be considered here were concerned with the in- 
jection of strong dye solutions into squid axons, and were primarily designed 
to test the performance of the microsyringe. After establishing that repro- 
ducible injections could be made, we spent a short time studying the effect on 
the resting and action potentials (recorded with a normal internal electrode) 
of injecting sodium, potassium, calcium, magnesium and tubocurarine chlorides, 
partly in order to check on the observations reported by Grundfest et al. (1952) 
and Grundfest, Altamirano-Orrego, Kao & Nachmansohn (1953). Finally, a 
number of experiments were done with injected “Na. These were preliminary 
in nature, but served to establish certain points about the behaviour of the 
sodium efflux which could not have been settled by other methods. Since the 
original experiments were done, the method has proved useful in a study of the 
calcium permeability of squid axons (Fliickiger & Keynes, 1955), but most of 
the obvious lines of advance which it opens up still remain to be exploited. 


METHOD 
The construction of the microsyringe 

A diagram illustrating the principle on which the microsyringe worked is shown in Fig. 1. 
A long (10-15 cm) uniform length of thin-walled glass tubing, the ‘inner’, 90-110, in external 
diameter, was fitted very closely into a shorter length of slightly larger tubing, the ‘outer’. Both 
tubes were filled with water, and the inner was open at both ends, while the outer was sealed off 
at the top. The inner was held in a relatively wide glass tube filled with mercury, and the outer was 
fixed above it in such a position that the junction of the two capillaries was always beneath the 
surface of the mercury. The whole assembly was mounted on a Palmer stand so that the inner and 
outer could be raised and lowered together without changing their relative positions, while the wide 
tube holding the inner could also be moved up and down independently by means of a Palmer 
rackwork X-block, graduated in mm. The injector was filled by lowering the inner relative to the 
outer, and emptied by the reverse movement. Its satisfactory working depended on a really close 
fit between the capillaries; when the annular gap at their junction was only a few microns wide, 
surface tension forces enabled considerable pressures to be exerted. The mercury in the wide tube 
had the object of increasing these forces ; at the same time it prevented evaporation at the junction 
and kept it free from dust. 

In order to achieve a tight fit of inner and outer, and yet to allow them to slide relative to one 
another over a distance of about 35 mm without danger of jamming, it was essential for the dia- 
meter of the inner to be constant within rather narrow limits. The inners were therefore carefully 
selected from long lengths drawn down from 2 mm soft glass tubing (hard glass proved quite 
unsuitable for this purpose). The outers had to be accurately circular in cross-section, but did not 
need to be uniform in diameter. The operation of fitting inners and outers together was done under 
water, as follows: Using an outer with an appreciable taper, somewhat less than 90 in diameter 
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at the narrow end, an inner was inserted at the wide end, and pushed gently down until its tip 
stuck. The inner was then withdrawn a short distance, and the outer was scratched with a carbor. 
undum stone just above the place which the tip had reached, and broken off cleanly. The inner 
could now be pushed right through, and the wide end of the outer sealed off in @ microflame 
(keeping the lower end of the inner under water). If, on removal of the matched capillaries from 
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’ Fig. 1. Diagram (not to scale) of the microsyringe. 


the dish of water, an air bubble could be sucked smoothly and in a dead-beat fashion up and 
down the inner, they were acceptable for final mounting in the rackwork assembly. The inner was 
sealed into the wide tube with shellac, this tube was mounted on its X-block, and the upper end 
of the outer was fixed with plasticine. After making a careful note of the limits between which it 
was safe to raise and lower the inner without either breaking the outer against the shellac seal or 
allowing the junction to emerge above the surface of the mercury, the wide tube was filled with 
mercury, and the microsyringe was ready for use. 


In order to guard against back-lash arising from leakage of fluid at the junction between inner 
and outer (which did give some trouble in the first few microsyringes to be built), a small bubble 
of air was always sucked up before filling the inner with the test solution. By making certain that 
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this bubble returned exactly to the tip of the inner when the injection was complete, or (in a few 
early experiments) by making a proportional correction if it did not, satisfactorily reproducible 
results were obtained. In all the later experiments, the total distance through which the bubble 
moved was measured for each injection; it was about three times the relative movement of inner 
and outer. The exact volume delivered by the microsyringe was determined by filling it with “Na 
sea water of known specific activity, discharging its contents into sea water, and taking counts 
with a liquid counter in the usual way. For the two microsyringes used for the majority of the 
experiments, the average of duplicate measurements of this type agreed to within 1% with the 
volume calculated from the product of the distance travelled by the air bubble and the cross- 
sectional area of the inner, measured optically after breaking it off at several places. This agree- 
ment was, no doubt, fortuitously close, and the ‘tracer’ volume did not fit quite as well with the 
volume calculated from the product of the distance moved by the inner relative to the outer, and 
the external cross-sectional area of the top end of the inner. Thus the calculated volumes differed 
by -1, +8and —23% from the tracer volumes, in three microsyringes for which the comparison 
was made. There did not appear to be a systematic discrepancy between the different methods of 
arriving at the volume delivered, and the tracer volume was therefore used for the three micro- 
syringes for which it was available (covering by far the greater number of the experiments), while 
the latter method of working out the volume was used for a few early injectors. 


Experimental procedure 

Giant axons were dissected in cold sea water from the hindmost stellar nerve of Loligo forbesi, 
and carefully freed from small nerve fibres. They were cannulated (Hodgkin & Huxley, 1945) and 
transferred (for electrical experiments) to the recording cell described by Hodgkin & Katz (1949a). 
For the experiments with “Na a smaller cell was used, identical in principle, but scaled down so 
that the total volume of fluid surrounding the upper part of the axon was reduced to 6 ml. A 
100 ». microelectrode (Hodgkin & Katz’s Type c) was first inserted into the axon in the usual way, 
and the sizes of resting and action potentials determined at several positions of the tip, down to a 
depth of about 35 mm. The microelectrode was then removed, and the microsyringe, previously 
loaded with a test solution, was lowered into the cannula until the tip of the inner was just visible 
at the top of the axon. The shaft of the inner was now steered down the centre of the axon in the 
normal fashion, the cannula being raised steadily with the microsyringe at a fixed height, while the 
operation was watched with a binocular dissecting microscope and a 45° mirror. As there was already 
a track down the axon, this second insertion could be done relatively quickly. When the tip had 
reached the desired depth (usually about 5mm above the lowest point reached by the micro- 
electrode), a column of fluid 3-20 mm in length was injected by smoothly raising the inner on its 
rackwork X-block, keeping the outer and the axon fixed. On completion of the injection, the tip 
of the inner was still 10-25 mm from the upper end of the axon; the final stage of removing the 
injector was therefore done by raising inner and outer together, using the Palmer stand. In the 
experiments with dyes, photographs of the injected column were taken as soon as the micro- 
syringe had been removed. In the experiments concerned with the action of injected substances 
on the membrane potentials, a microelectrode was re-introduced into the axon, and lowered to the 
injected patch within 2 or 3 min of the time of injection. Sometimes several further injections 
were made into the same axon, the injector and the microelectrode being inserted alternately. In 
the tracer experiments, collection of the “Na appearing in the inactive solution outside the axon 
was begun as soon as the injector had been removed. 

When recording action potentials, the axon was stimulated at about 40 per min between two 
platinum wires in the lowest, oil-filled, part of the cell. Recording methods were as described by 
Hodgkin & Katz (19494). In many experiments no photographic records were taken, but a 
backing-off potential was applied from a voltage calibrator connected in series with the external 
Ag-AgCl electrode in the cell, and the voltage necessary to bring the steady potential or the peak 
of the spike back to zero level was measured directly. 
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Solutions 

Dissection of the axons was done in fresh sea water, cooled to about 5° C. During the experi- 
ments, the recording cell was filled with an artificial sea water whose composition is given by 
Hodgkin & Keynes (1955). When dinitrophenol, cyanide or tubocurarine chloride were dissolved 
in the artificial sea water, the solution was carefully neutralized so that its pH (determined with 
bromthymol blue) was never far from 7. The solubility of the tubocurarine chloride was such that 
although a 1% solution could readily be made up in distilled water, the greatest amount which 
would dissolve in 0-57 m-KCl (as used for injection) corresponded to about 0-2%. For purposes of 
injection, the following solutions were taken to be isotonic with the artificial sea water: 0-57 m- 
NaCl, 0-57m-KCl, 0-37M-CaCl,, 0-37m-MgOl,. The “Na samples were irradiated in the Harwell 
pile as ‘Analar’ sodium bicarbonate; they were then dissolved in a slight excess of 2n-HCIl, 
evaporated to dryness in a weighed silica crucible over calcium oxide at 100° C, and made up to a 
strength of 0-57 or 1-0™ in a 1-5 mm solution of sodium phosphate buffer, pH 7-6. Their final pH 
was always close to 7. 

RESULTS 
Injection of dyes 

A microsyringe working on the principle just outlined should deliver a 
volume of fluid exactly equal to the volume vacated by the inner as it is raised 
out of the axon. In order to make certain that the apparatus was performing 
up to expectation, some tests were made with dye solutions, which enabled 
the precise location of the injected fluid to be checked visually. The high 
concentration of dye needed for this purpose made the fibres inexcitable, but 
the experiments served a useful function in showing that the contents of the 
syringe were introduced uniformly into the region of axoplasm which it was 
intended to inject. They also provided verification that there was no serious 
tendency, as there might have been had the inner not been properly uniform, 
for any of the test solution to be forced up the outside of the inner during its 
withdrawal from the axon in the act of injection. 

Pl. 1 shows several series of photomicrographs taken in the course of experi- 
ments in which dyes were injected. Pictures A to E were taken with a 59 mm 
objective, while a 0-5 % solution of methylene blue in isotonic KCl was injected. 
In A the shaft of the microsyringe is seen immediately before the injection, 
filled to the tip with dye solution. B was taken 15 sec after making the in- 
jection, and the demarcating air bubble can be seen close to the tip; the dye 
forms a fairly sharply defined patch in the centre of the axon. C was taken 
57 sec after the injection; the microsyringe has now been removed, and the 
dye has begun to spread perceptibly towards the edges of the axon. In D 
(120 sec) the diffusion has made further progress, and at 430 sec the dye 
appeared to the naked eye to be distributed uniformly. The photograph taken 
at this time (E) still shows a faint dark streak along the axis. This almost 
certainly does not represent a concentration of methylene blue, since it is 
visible (though less conspicuous) in the part of the axon which had not been 
injected, but which had been penetrated by the microelectrode. The probable 
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cause of the streak is that the fluid left in the track of the microelectrode 
scatters less light than the undisturbed axoplasm. 

The diffusion process is shown more clearly in the other photomicrographs 
of Pl. 1, which were taken with a 32 mm objective (overall magnification four 
times greater). It will be observed that whereas both methylene blue and 
eosin diffused readily through the axoplasm, the dye aniline blue did not, but 
formed an intense streak of colour which was virtually the same width after 
10 min as it had been after 35sec. It seems probable that the aniline blue 
somehow precipitated or combined with the axoplasm, so forming a barrier 
to further diffusion, but the precise reason for its different behaviour was not 
discovered. It cannot have been a question of the net charge on the dye 
molecule, since methylene blue and eosin both diffused fairly fast, despite their 
opposite charges, the former being basic like aniline blue, and the latter acidic. 
Possibly the effect was simply one of molecular size, the order of molecular 
weights of the three dyes being aniline blue > eosin > methylene blue. This 
order fits with the results of an experiment in which the rates of penetration 
of the same dyes into a 10% gelatine gel (in 0-5m-KCl) were compared 
qualitatively; but in this test the aniline blue did diffuse some distance into 
the gelatine, although it certainly moved very much more slowly than either 
methylene blue or eosin. Another possibility is that there were impurities in 
the sample of aniline blue, which was a commercial product and may have 
contained traces of powerful protein precipitants such as zinc. 

In order to make rough estimates of the numerical value of the diffusion 
coefficient, D, for methylene blue and eosin, the following procedure was — 
adopted: The law governing the concentration, c, of dye in the axoplasm 
during the initial phase of the diffusion process after introducing a quantity Q 
per unit length as an instantaneous line source along the axis at time t=0 
can readily be shown (see Carslaw & Jaeger, 1947, p. 218) to be 


om (1). 


where z and y are the distances from the axis in Cartesian co-ordinates. The 
total amount of dye in a plane passing through the axon is 


dy = oon, (2) 


and this was taken to be linearly related to the optical density of the photo- 
micrographs (an approximation which received some justification from the 
fact that the integrated density across the patch of dye did not change much 
while it broadened). This solution applies only to the period before the con- 
centration at the cell boundary becomes appreciable, and it may be noted 
that it is the same as the solution for an instantaneous plane source because 
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the method of measurement involves summation along a series of planes 
parallel to the direction of observation. It follows that the distance (x,), at 
which the density is half as great as it is on the axis, increases with time 
according to the relation 

a? =2-77Dt. (3) 


Densitometer readings were made at a number of points across each of the 
first three photomicrographs taken after injecting the dyes, and 2, was deter- 
mined as 78, 119 and 164, respectively 3, 20 and 60 sec after injection of 
methylene blue, and as 87, 115 and 135, respectively 10, 35 and 60 sec after 
injection of eosin. These figures could not be substituted directly in equation 
(3), since it was necessary to make some allowance for the fact that the dyes 
were really introduced as cylindrical rather than as line sources. This was done 
by using pairs of figures and treating the results as if a line source had been 
introduced at an arbitrary time shortly before the injection. On this basis if 
the half widths at two times ¢’ and ¢” are x, and z; the diffusion coefficient is 
given by 

2-77 D (t” —t’) (4) 


For methylene blue the calculated values of D thus obtained were 1-7 and 
1-3 x 10-* om*/sec, while for eosin they were 0-83 and 0-76 x 10-* cm?/sec. 
According to Lison & Fautrez (1948) the diffusion constants in water at 18° C 
are around 4x 10-* cm*/sec for both dyes, so that these admittedly very 
rough calculations indicate that in the axoplasm the dye molecules move two 
to five times more slowly than in free solution. 


The effect of injected substances on the membrane potentials 

Before discussing the main experiments on the behaviour of injected *4Na, 
it is convenient to describe a few observations on the changes in resting and 
action potentials after injecting the chlorides of sodium, potassium, calcium, 
magnesium and tubocurarine. The effects on the membrane potentials were 
not investigated in great detail, but a limited number of measurements were 
made in order to verify that the electrical properties of the axons were not 
adversely affected by injection of the quantities of sodium used later in the 
tracer experiments. Some attention was also paid to the effect of injecting 
Mg** ions and curare, since Grundfest et al. (1952, 1953) had reported that 
conduction in squid axons could be blocked specifically by the introduction 
of surprisingly small quantities of these substances. Subsequently, Grundfest, 
Kao & Altamirano (1954) were unable to confirm the specific blocking effect of 
magnesium, and Grundfest (1953) mentioned that curare was not always as 
powerful an agent as had at first been supposed. Our results would indicate 
that neither substance has any specific blocking action. 
Table 1 summarizes all the measurements made on membrane potentials 
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except those for the first two axons to be injected. These two earliest experi- 
ments gave results essentially similar to the later ones, but have been omitted 
because no accurate record was kept to enable an allowance to be made for 
some backlash in the injection, and because both axons were exceptionally 
small (one only 365, in diameter) and in poor condition. Determinations of 
this sort were only worth making with axons which were in reasonably good 
condition, and whose membrane potentials were not slowly declining even 
before any injections had been made. The relative constancy of the potentials 
in all the later experiments may be judged from the experiment illustrated in 


Fig. 2, which also gives some idea as to the time scale on which we worked. 
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Fig. 2. The effect on the membrane potentials of injecting NaCl and KCl. The volume injected 
on each occasion was 7-85 x 10~* ml./mm, and the length of the injected patch was 14 mm. 
Potentials were measured exactly in the centre of the injected region, and the axon diameter 
at this point, measured with the microelectrode in position, was 561 » before making the first 
injection, and 579 after making the last one. Potentials are given as inside minus outside 
potential. 


An important feature of the technique was that it made possible the in- 
jection of a fairly long column of the test solution, so that the membrane 
potentials could be measured near the centre of a uniformly treated portion 
of the axon. The space constant for the passive spread of potential in a squid 
axon in sea water is about 6 mm (Cole & Hodgkin, 1939), and for useful results 
it was desirable to make the potential measurements at a point separated by 
at least this distance from the untreated part of the axon. As Table 1 shows, 
this was not always achieved, but the majority of the determinations were 
made sufficiently far from the uninjected region to avoid gross errors from 
electrotonic current flow. 

As reported by Grundfest ef al. (1954), injections of KCl which raised the 
concentration inside the axon by about 30 mm had little effect on the resting 
potential, the spike or the positive phase (Expts. 1, 3, 4 and 9, Table 1). This is 
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not surprising, because the potassium concentration would only have increased 
by about 10%, and the rise in potential from this cause might be counteracted 
by the fall expected from the increase in internal chloride concentration. If the 
membrane were perfectly selective to potassium, a 10° increase in internal 
potassium would raise the membrane potential by 2-4 mV. If, on the other 
hand, the permeability to Cl- were 0-45 times that to K+, as assumed by 
Hodgkin & Katz (1949a), the change predicted by the constant field equation 
(Goldman, 1943) would be a decrease of 3 or 4 mV. Differences between these 
values and those recorded experimentally might well arise from extraneous 
effects of the injection. 

Injection of sodium chloride caused a marked drop in the reversed potential 
difference across the membrane at the crest of the spike and, on most occasions, 
a slight rise in the resting potential (Expts. 4, 9 and 10, Table 1). The effect on 
the action potential fitted well with the hypothesis that the overshoot de- 
pended on the sodium concentration ratio. The average reduction in the over- 
shoot for four injections of 1-0m-NaCl was 8-2 mV, the mean rise in internal 
sodium concentration for a single injection being 39 ma. If the initial internal 
sodium concentration is calculated from the size of the overshoot by the 
Nernst equation, an average value of 80 mm is obtained for the internal 
sodium before the injection. On this basis the change in overshoot resulting 
from the injection should be 10 mV. The rise in resting potential may occur 
because the increase in active sodium efflux caused by the greater internal 
sodium concentration makes a direct contribution to the resting potential 
which more than outweighs the effect of raising the internal chloride. How- 
ever, further experiments are needed both to confirm the action of injected 
sodium on the resting potential and to establish a connexion with the activity 
of the sodium pump. 

Fig. 3 shows a series of photographs of the action potential recorded in- 
ternally in one of the experiments in which magnesium, curare and calcium 
were injected in turn. The first solution introduced was 0-37m-MgCl,; this 
caused an insignificant rise in the resting potential, and a small drop (3-5 mV) 
in the overshoot of the spike. The next solution was one of tubocurarine 
chloride (1 in 1000, dissolved in isotonic KCl); this reduced the resting 
potential by 1 mV, perhaps because of the KCl, and had even less effect on the 
action potential than the magnesium. Finally, 0-37 m-CaCl, was injected. 
This had a much greater blocking action, and 11 min after the injection the 
spike was reduced to only 26 mV. | 

The results of other experiments on the injection of magnesium and curare 
are summarized in Table 1. Injections of 0-37m-MgCl,, corresponding to 
0-07 4g Mg*+/mm over 14-20 mm, caused a slight reduction (averaging 5-1 mV) 
in the overshoot, but certainly did not block conduction. This result is not 
inconsistent with the more recent work of Grundfest et al. (1954), which gave 
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the blocking dose of magnesium as lyg, but not with the earlier report 
(Grundfestet al. 1953) from which it appeared that 0-0003 ng Mg** was sufficient 
to block conduction. Curare, also, seemed to have little effect. The strongest 
solution of tubocurarine chloride injected was 1 in 500 parts of isotonic KCi, 
which in two experiments (3 and 7, Table 1) gave a final concentration of 
curare in the axoplasm of about 60 x 10-*, but caused no obvious reduction in 
the size of the action potential. This concentration was much greater than that 
at which tubocurarine from the same source had its normal blocking effect on 
a frog nerve-muscle preparation. The total quantity injected (about 15 x 10-* ng 
curare/mm axon over 14-19 mm) was much greater than the blocking dose 
given by Grundfest et al. (1952)—a total injection of 10~* ng. 


+60 A B . +60 
0 0 
—60 -60 
+60 +60 
Cc D 
0 0 
-60 -60 


Fig. 3. Action potentials recorded with an internal electrode in a 536 squid axon. A, at the 
beginning of the experiment. B, 28 min after injecting 0-37m-MgCl,. C, 25 min after in- 
jecting 1 in 1000 tubocurarine chloride. D, 14 min after injecting 0-37m-CaCl,. Owing to a 
drift in the electrode potential there was doubt as to the correctness of the resting potential 
in record D. For further experimental details see Table 1, Expt. 8. Time marks 1250/sec. 
Temperature 17° C. Vertical scales give the internal potential in mV. 


The one substance which was found to block conduction was calcium. Its 
effects were somewhat variable, since in the axon of Expt. 6 (which may have 
had a weak spot) an injection of only 3 mm length was sufficient to reduce the 
resting potential from 49 to 28 mV, and to abolish the spike altogether, 
whereas in Expt. 7 the first injection, of roughly the same amount of 0-37 
m-CaCl, per mm axon over a total distance of 14 mm, only reduced the resting 
potential by 4 mV and the spike by 21 mV, and a second injection of the same 
quantity was needed before the spike was reduced to a small fraction of its 
original size. In addition to its effect on the membrane potentials, calcium 
caused two other interesting changes. In the first place, the axoplasm in the 
injected axons became fluid, as was observed by Chambers & Kao (1952), so 
that in the injected region the shaft of the micro-electrode could be moved 
from side to side without difficulty, in contrast to its relative immobility inside 
a normal axon. The average concentration of calcium in the axoplasm after 
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injection was about 10 mm, so that this observation is consistent with the 
experiments of Hodgkin & Katz (19495) on the dispersal of extruded squid 
axoplasm by calcium ions, 10 mm-Ca*+ having caused complete dispersion in 
about 3min. Secondly, the injected part of the axon became noticeably 
opaque, the upper and lower limits of opacity coinciding exactly with those of 
the injected column. This suggests that the opaque brown patches which 
appear at the bases of branches of the main axon which are damaged or cut off 
too short during dissection also arise from an entry of calcium into the axo- 
plasm, as has been subsequently confirmed (see Fliickiger & Keynes, 1955). 
Since calcium evidently acts on the axoplasm in a rather drastic manner, it 
seems likely that its effect on the membrane potentials is a general conse- 
quence of disrupting the internal structure of the axon, rather than a special 
action on the membrane itself. 


150 mu-DNP—>, 
£ 60 
' 
~— ! 
30 
% ; 
10 4 j 4 
0 1 2 3 


Hours 


Fig. 4. The action of dinitrophenol on the sodium efflux from a squid axon after injecting “NaCl. 
Axon diameter 560. Length injected 19 mm. Volume of injection 8-25 x 10-* ml./mm. 
Temperature about 19° C. The axon initially gave a 96 mV spike over the whole of the injected 
region but in this particular experiment when tested at the end was inexcitable, although 
it still had about 35 mV resting potential. Vertical lines indicate +2 x 8.x. of the counts. 


The injection of labelled sodium 

The object of our first experiment on the injection of *NaCl was to check 
that labelled ions introduced into the axon by microinjection were extruded 
in the same way as those entering the axon during stimulation in “Na sea 
water, and that the efflux of radiosodium was then similarly affected by 
treatment with metabolic poisons like dinitrophenol. In Fig. 4 the rate of 
extrusion of %Na into the inactive sea water in the collecting chamber, 
expressed in counts/min per min and corrected for the decay of the isotope, is 
plotted semi-logarithmically against the time after injecting a 19 mm column 
of 0-57 M-NaCl containing “Na (0-57 m-Na*Cl) into a 560. squid axon. The sea 
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water was changed every 10 min after the injection, and the radioactivity of 
successive samples was determined with a liquid counter. On comparing this 
curve with that for a Sepia axon first stimulated in “Na sea water and then 
treated in the same manner (Hodgkin & Keynes, 1955) it will be seen that 
qualitatively there is no obvious difference between the behaviour of radio- 
sodium injected into the axon and that entering the axon in a more physio- 
logical fashion during normal electrical activity. In each case the sodium 
efflux is reversibly reduced to a small fraction of its initial value by the action 
of 0-2 mm-DNP. In some other experiments, squid axons were treated with 
2 mm-ON after injection of “NaCl, and again the effects were very like those 
described in our earlier paper. 

During the initial part of this experiment, while the axon was still exposed 
only to normal artificial sea water, the efflux of “Na declined steadily. 
Knowing accurately how much radioactivity was injected into the axon, it is 
of some interest to see whether the rate of this decline fits well with that 
expected from the rate of dilution of intracellular “Na by inactive sodium 
entering the axon. In a system in which the total efflux of sodium, M,, is 
directly proportional to the total internal [Na], we can write 


M,=p(Na], (5) 
and the efflux of labelled sodium, M*, will be given by 


M*=p[Na*]. (6) 


* * 
Taking as constant, then =p 
Me dt ~(Na*) (7) 


Thus the rate constant for decline of the efflux should equal that for decline 
of the total radioactivity in the axon, which has been written as k in earlier 
papers. In the experiment of Fig. 4, the total radioactivity injected was 
38,900 counts/min, while the initial value of d{[Na*]/dt was — 140 counts/min?. 


[Na*] 38900 


But the slope of the straight line drawn through the first five points, which 
* 

corresponds to the value of aa” was appreciably greater, being — 0-39hr-. 
It thus seems that the efflux of *Na declines faster than can be explained 
on the simple assumption made above. 

This conclusion held good for every experiment in which the radiosodium 
efflux into sea water was followed for long enough to allow the rate constant 
for its decline to be calculated. It may be seen from Table 2, where the results 
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of eight such experiments are listed, that the average rate constant for loss of 
Na* was 0-20 hr-, while M¥ declined just twice as fast. We therefore under- 
took a few experiments to examine the cause of the discrepancy. 


TaBie 2. The rate of decline of the efflux of “Na from squid axons 


Inital 
(Ne*] Initial value of Value of 


Axon Length Volume M; 1 1 dM, 
diam. _ injected injected (pmole/ dt M; dt 
Expt (mm) (ml./mm) (mm) sec) hr-*) (hr-*) 
1 560 19 8-25 x 10-* 19-3 16-2 sic 0-39 
2 521 10 4 22-4 21-1 0-26 0-45 
3 534 12 8-4 21:3 15-9 0-20 0-49 
4 510 14 9-5 27-0 21-5 0-23 0-34 
5 544 14 10-7 26-9 19-6 0-19 0-55 
6 514 11 10-7 28-6 21-0 0-21 0-48 
7 554 15 10-7 25-9 20-5 0-21 0-34 
8 616 10 7-85 15-3 5:8 0-09 0-15 
Mean 544 oe _ 23-3 17-7 0-20 0-40 


Axon diameters were measured at the end of the experiment, and where a second injection was 
made in the course of the experiment an allowance for the resultant swelling has been subtracted. 
Temperature 18-20° 


The two most obvious explanations which might be put forward are these: 
In the first place, the total efflux may not be proportional to [Na], but may 
instead be constant, i.e. the sodium pump may operate at a fixed rate which is 
independent of the amount of sodium inside the axon. If the total internal 
sodium increases steadily this will result in the efflux of labelled sodium falling 
off faster than the concentration of labelled sodium. In this case, in the 


relation M$ [Na*] 
M, [Na]’ (8) 
M, is constant. Now in general 
N A 
9) 
and in an unlabelled solution 
a[Na*]_ 444 


where A and V are the cell surface and volume respectively, and M, is the 
sodium influx. Substitution for [Na] from (8) in (9) and elimination of A/V 


leads to 1 dM* M,{ 1 d{Na*] 


M* dt M,\[Na*] det 
This explanation of the discrepancy would require the sodium influx to be 
about twice as great as the efflux, which is not an impossible demand. A 
second hypothesis is that over short periods the sodium efflux is directly 
proportional to the internal sodium concentration, but that the proportionality 
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factor decreases exponetially with time; this might occur if the effectiveness h 

of the sodium pump gradually declined Then instead of equation (5) we i 

should have M. =p, a1 

and instead of (6) M# =p, e*[Na*]. (12) C 

Differentiation of (12) leads to the relation : 
* * 


This equation would also fit with the observations if the average value of the 
rate constant k, were about 0-20 hr. 


Efflux of 24Na (counts/min?) 
—> 


o 
- 


1-0 m-NaCl | 
injected 
0 05 10 15 20 


Hours 
Fig. 5. The effect on the efflux of “Na of injecting inactive sodium chloride. An 11 mm Jength of 
the axon was injected with 0-57 m-Na*Cl at zero time, and 61 min later the same part of the 
axon was injected with 1-Om-NaCl. Axon diameter 514. For a period of 8-5 min, ending 
7 min after completing the injection of Na*Cl, the axon was stimulated at 50/sec. Vertical 
lines are +2 x 


The simplest way of testing the first hypothesis was to find whether or not 
the sodium efflux was changed by an injection of inactive sodium chloride. 
If the total sodium efflux were unalterable, then the sudden introduction of a 
large amount of inactive sodium would substantially reduce the efflux of 
radiosodium. The experiment illustrated in Fig. 5 shows that this was not the 
case. An 11 mm column of 0-57 m-Na*Cl was injected into a 514 squid axon, 
and after an initial short period of stimulation (see p. 611), the resting efflux of 
*4Na was followed for about an hour. An 11 mm column of inactive 1-0M- 
NaCl was now injected over the same part of the axon, and the efflux was 
observed for a further hour. The volume of solution injected on each occasion 
was 10-7 x 10~* ml./mm, so that the concentration of Na* in the axoplasm =} 
immediately after the first injection was 30 mm, while the extra amount of 
inactive sodium introduced in the second injection was about 50 mm. If the 
initial sodium content of the axon had been 50 mm, the constant efflux 
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hypothesis would predict a 40% drop in the efflux of “Na after the second 
injection, whereas it can be seen from Fig. 5 that although the efflux may 
have fallen slightly, the change was not statistically significant. Another 
experiment of the same sort, in which a 2-0m solution of inactive sodium 
chloride was injected, also gave no appreciable reduction in the “Na efflux. 
These two experiments provide good evidence that over the range of 
internal sodium concentrations tested (up to about 130 mm) there is no 
obvious saturation of the sodium efflux, which rises proportionally when the 
total internal sodium is suddenly increased. — 


src 


Efflux of 24Na (counts/min?) 


| 
0 1 2 3 4 5 
Hours 
Fig. 6. The decline of the efflux of “Na with time. The first injection of a 14mm column of 
0-58m-Na*Cl was made at zero time, and a second identical injection was made 3 hr 34 min 
later, The final axon diameter was 521 u, and the axon diameter after the first injection only 
was taken as 510. Vertical lines are + 2 x 8.8. 


1 


The alternative hypothesis was examined in two experiments of the type 
illustrated in Fig. 6, involving duplicate injections of Na*Cl. In the case shown 
the mean axon diameter was 510, and each injection consisted of a 14 mm 
column of 0-58m-Na*Cl whose volume was 9-5x10-* ml./mm. The specific 
activity of the *Na was 1 count/min equivalent to 70-6 pmoles Na*. The initial 
efflux of Na*, extrapolated back to zero time, was 4-11 counts/min?; the total 

1 d[Na*] 
[Na*] dé 
was therefore —0-227 hr-!, which was, as usual, appreciably less than the 
value of iw = , the slope of the straight line fitted to the counts taken over 
the first 3 hr being —0-344 hr-!. The value of k, in equation (13), which is the 


radioactivity injected was 1088 counts/min. The initial value of 
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difference between these two rate constants, was thus 0-117 hr-*. Now the 
effect of the second injection of Na*Cl was to raise the efflux from 1-22 to 
3-67 counts/min®, an increase of only 2-45 counts/min*. The rise in [Na*] was 
the same as before, so that the factor of proportionality between efflux and 
internal sodium concentration was not constant, but had decreased by 40%, 
of its original value over the interval of 3-58 hr which elapsed between the two 
injections. Taking k, as 0-117 hr-1, equation (12) predicts a fall of 34%, so that 
the results of the experiment fit fairly well with the assumptions on which 
equations (11) to (13) are based. The only respect in which agreement was not 


1 
good was that the value of 


less than that expected (about 0-25 hr-1, from adding k, to the new value of 


1 d{Na*]\ 
(Ne*) a) but since few counts were taken this discrepancy was of 


doubtful significance. 
In the other experiment of this kind, the difference (k,) between the rate 


constants for the decline of the efflux and for the loss of total radioactivity 


was 0-135 hr-!. The two injections of Na*Cl were separated by 2:20 hr, whence 
the expected drop in the efflux proportionality factor was 26 % of the value for 
the first injection. The observed fall was 24°%,, so that once more the results 
were closely consistent with the theoretical explanation. It should perhaps be 
added that no special significance should be attached to our choice of an 
exponential for the decline of p, since this form was taken merely for convenience 
in analysis. A linear decline would, no doubt, have fitted the results equally 
well, but would have involved a more complicated mathematical solution. 

These two experiments also provide data for a further test of the relation 
between efflux and [Na] for a sudden rise in [Na]. Knowing how much radio- 
activity was lost from the axon to the external medium during the period 
between the two injections, the amount of Na* still remaining in the axon at the 
time of the second injection can be calculated. It is then possible to compare 
the efuxes per unit internal [Na*]immediately before and immediately after the 
second injection. In the experiment of Fig. 6, altogether 504 counts/min (after 
correcting for decay of the isotope) were collected in the first seriesof samples, 
so that 584 counts/min were left in the axon. The corresponding efflux was 
1-22 counts/min*. After the second injection, the axon contained 584 + 1088 = 
1672 counts/min, and the efflux was 3-67 counts/min*®. The values of M*/[Na*] 
were therefore 0-00209 min-! before and 0-00219 min after. A similar cal- 
culation for the other experiment gave figures of 0-00237 and 0-00251 min- 
respectively. Thus in both cases the efflux increased in strict er to the 
amount of sodium introduced into the axon. 
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The tume lag in the operation of the sodium pump 

At the beginning of experiments like those illustrated in Figs. 4 and 6, where 
the first samples were not collected until at least 10 min after injecting the 
“NaCl, there was no perceptible lag in the attainment of a steady sodium 
efiux. In some of the other experiments, the first samples were taken 
much earlier, in order to discover how quickly the injected “Na became com- 
pletely mixed with the inactive sodium in the axoplasm. The counts taken in 
several of these experiments are plotted in Fig. 7, the results for the different 
axons being normalized by taking the extrapolated initial steady efflux as 1. 


1-0 sd 
x° 
05 
0 5 10 15 20 
Minutes 


Fig. 7. Determinations of the resting sodium efflux immediately after injecting “Na. Abscissa: 
time after injection. Ordinate: efflux of “Na expressed as a fraction of the extrapolated efflux 
at zero time. ©, axon diameter 534; @, axon diameter 616; x, axon diameter 521 py. 
Temperature 19—20° C. 


The mixing process proved to be virtually complete about | min after the in- 
jection, and since the operations of removing the microsyringe and of changing 
the fluid in the collecting chamber each occupied several seconds, it was quite 
difficult to take a sample soon enough after the injection for the observed 
efflux to be much less than the final steady value. However, on three occasions 
the first sample was taken within 40 sec of making the injection, giving figures 
from which it is possible to derive information about the rate at which the 
“Na diffused through the axoplasm, and began to be extruded from the axon. 
It is clear from Fig. 7 that the diffusion time is small compared with the 
time constant for decline of the efflux after reaching the steady state, so that 
it is legitimate to treat the problem as one of diffusion within an infinite 
¢ylinder whose surface is insulated. A general solution for the time course of 
such a diffusion process is given by Carslaw & Jaeger (1947, pp. 178, 306), from 
ag Ni can be shown that the particular solution for the concentration, y, at 
PHYSIO. CXXXI 
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the surface of the cylinder r =a, after the introduction of an instantaneous line 
source at r=0 (i.e. on the axis of the cylinder) and at ¢=0 is 


Gay 

where y,, is the final concentration after complete mixing, D is the diffusion 
coefficient, and «,, a,,..., are the positive roots of J, («)=0. This expression 
is the same as that obtained by putting r=0 in Hill’s (1948) equation (2) for 
the converse process of the concentration change on the axis of a cylinder after 
liberation of a sudden pulse at its surface. Hill plotted the expression as curve 
(i) in his Fig. 2, but this curve could not be used directly for the calculation of 
values of D from our results, because our observations of efflux were not in- 
stantaneous determinations, but were averages over a known period starting 


Taste 3. The rate of diffusion of Na in squid axons 


Axon diam. first collecting Collecting period 
Expt. period (sec) Steady efflux Dt/a® (cm?*/sec) 
1 534 16 0-46 0-110 5-0 x 10-¢ 
2 514 21 0-65 0-181 5-7 
3 616 17 0-61 0-157 8-8 


In Expts. 1 and 3 the axons were resting. In Expt. 2 the axon was stimulated at 50/sec. 


from ¢=0. It was therefore necessary to calculate the summated area under 
the curve given by equation (14) for various values of Dt/a*, and thus to 
obtain a second curve relating the mean value of y/y,, to Dt/a*, from which the 
figures listed in Table 3 were taken. It will be seen from this table that the 
average effective value of D, calculated as if the whole of the time lag in 
reaching the steady efflux arose from the slowness of diffusion through the 
axoplasm, was 6-5 x 10-* cm?/sec. 

This calculation not only shows that Nat ions must be able to diffuse radially 
through the axoplasm at a rate not much smaller than in free solution (the 
self-diffusion coefficient of Na+ ions at room temperature being about 
10 x 10-* cm*/sec), but also sets a limit to any time delay which might occur 
in the operation of the extrusion mechanism. From equation (14) it follows 
that even if diffusion through the axoplasm had taken place at the full free 
solution value, the 0-5 level in Fig. 7 would not have been reached in less 
than about 10 sec for a 550 ~ axon. Moreover, Hodgkin & Katz (19492) 
noted that the layer of connective tissue surrounding the axon caused a lag 
in the blocking action of sodium-free solutions, and although our axons were 
more cleanly dissected than most of theirs, this connective tissue must have 
had some effect in delaying the appearance of labelled ions in the external 
medium. The fact that the *Na was really introduced as a 100, column, 
rather than as the line source assumed in deriving equation (14), would operate 
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in the other direction, but over a radius of only 50 mixing would be complete 
in less than a second, so that this simplification does not introduce a serious 
error into the argument. The margin for possible delay in the working of the 
sodium pump is therefore reduced to no more than a few seconds. This is also 
true for the rather different mechanism involved in the accelerated passage of 
sodium through the membrane during electrical activity, since in one of the 
experiments (see Fig. 5 and Expt. 2, Table 3) the axon was stimulated at 
50/sec before, during, and after the injection of *Na, and as one might expect 
the apparent value of D was close to the mean for the other two experiments. 
However, in this axon the effect of stimulation on the sodium efflux was un- 
usually small (cf. Hodgkin & Keynes, 1955), so that no vor weight can be 
attached to this observation. 


The injection of ATP 

One of the main incentives for developing the technique described in this 
paper was to see whether it was possible, by the injection of an energy-rich 
substance like ATP, to restore the sodium efflux in axons previously poisoned 
with dinitrophenol or cyanide. Several experiments were done on these lines, 
mostly using axons in which the sodium had been labelled by stimulation in 
“Na sea water, and in which the sodium efflux had then been inhibited by 
treatment with 2 mn-CN, this being followed by an injection of ATP and 
control injections of KCl. However, the long series of operations involved 
made the experiments difficult to complete satisfactorily, and the only con- 
clusion we were able to reach was that ATP did not seem to cause a really 
dramatic recovery of the sodium efflux. There was also doubt about the purity 
of the ATP sample. 

DISCUSSION 
The electrical effects of injected tons 

The conclusions from our very limited investigation of the electrical effects of 
injecting ions were largely negative. In confirmation of Grundfest et al. (1954) 
magnesium was found to have no specific blocking action in small concentra- 
tions. Tubocurarine chloride was also found to have no blocking effect in 
concentrations much greater than that required to interfere with neuro- 
muscular transmission. Calcium caused block, but since this ion also tended to 
disperse the axoplasm (Hodgkin & Katz, 19495), it may not have acted on the 
membrane, but may have simply destroyed the internal organization of the 
axon. The most definite result was that injection of sodium chloride reduced 
the overshoot of the spike, whereas similar quantities of potassium chloride 
had little effect. The change in overshoot agreed reasonably well with that 
calculated from the rise in internal sodium concentration. Grundfest et al. 


(1954) reported that injection of sodium not only reduced the spike, but also 
39-2 
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changed its shape in a characteristic way. We did not notice any marked 
alterations in the shape of the spike, and it seems to us that the experiment 
illustrated in their fig. 10 is open to certain objections. The figure shows action 
potentials recorded at three microelectrodes separated by 2-9 and 4-9 mm. 
When 1-3 mm® of 0:51 m-sodium glutamate was injected through the central 
electrode, the centrally recorded spike changed appreciably, but the spikes at 
the two outer electrodes were less affected. The form of the central spike is 
about that which might be expected if the membrane in the central 5 mm had 
been made inexcitable but was still sufficiently intact for a change in potential 
to be produced by electrotonic spread. The increase in duration might then 
be partly due to the effect of averaging two spikes separated by a long con- 
duction time, and to the delaying effect of the membrane capacity. If this 
deduction is correct, it follows either that the injected fluid did not spread 
uniformly along the axon or that the central part was damaged by the in- 
jection procedure, or both. 

As the concentration changes brought about by the present method are 
limited in extent, our experimental evidence neither confirms nor contradicts 
the conclusion that the membrane potential is not dependent on the intra- 
cellular potassium concentration (Grundfest et al. 1954; Grundfest, 1955). We 
did not find much change in resting potential from injecting a small quantity 
of KCl, but little alteration was to be expected because K+ and Cl- would act 
in opposite directions, and the potassium concentration ratio was not much 
increased. Grundfest’s (1955) main argument seems to be that, apart from the 
progressive depolarization and block which occur when a sufficient volume of 
any solution is introduced locally, large injections of potassium glutamate or 
aspartate do not have much effect on the resting potential, notwithstanding 
the prediction of the constant field equation that the resting potential should 
rise by about 30 mV if the internal potassium concentration is increased three- 
or four-fold, and if the accompanying anion is unable to cross the membrane. 
While it is true that equation (4) of Hodgkin & Katz (1949a) may not be 
exact—it has never been claimed to be more than a rough approximation— 
the change of 30 mV calculated from it would in any case be expected only if 
the following conditions were satisfied : 

(1) That the potassium concentration were raised three-fold over a length 
of several space constants—ideally about 30 mm. 

(2) That the anion injected with the potassium did not diffuse out through 
cut branches or through the membrane. 

(3) That the fibre was not damaged by the injection. 

In view of the quantities injected and of the conclusions of the previous 
paragraph, it seems that there is some doubt about these points. 
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The proportionality factor for sodium efflux 

A direct proportionality between sodium efflux and intracellular sodium 
concentration has previously been assumed in theoretical treatments of ionic 
exchange in nerve and muscle by several authors (see, for example, Harris & 
Burn, 1949; Keynes, 1954), but has not been confirmed experimentally. It 
is therefore satisfactory to be able to provide evidence that, at least over short 
periods, the absolute size of the sodium efflux does change in proportion to the 
total internal concentration of sodium. This behaviour has the advantage of 
providing the cell with a simple means of automatically regulating its internal 
sodium level, since it ensures that after a bout of activity the sodium efflux at 
once rises, and that the excess sodium inside the cell is then pumped out at a 
gradually decreasing rate (as was concluded by Hodgkin & Keynes, 1955) 
until there is once more a balance between the resting sodium influx and 
the sodium efflux. Since the sodium concentration in freshly dissected squid 
axons seems to be about 40 mm (Hodgkin, 1951), and since, from Table 2, 
the mean efflux of sodium per internal m-mole/]. was 0-76 pmole/cm?.sec, this 
resting sodium efflux in squid axons is probably in the neighbourhood of 
30 pmole/cm? . sec. 

It should not be assumed that the tendency for the proportionality factor 
to decrease with time, which we have demonstrated here for squid axons, also 
applies to other cells. There is no evidence that it is applicable to muscle, nor 
do our figures for Sepia axons (Hodgkin & Keynes, 1955) reveal any com- 
parable discrepancy between the rate constants for decline of the efflux and 
for decline of the total intracellular labelled sodium. Possible explanations of 
the effect, between which we cannot at present decide, are that it is due to 
progressive exhaustion of the metabolic reserves of the axon, or that the 
éfiicacy of the pump gradually falls off through escape of some component of 
the carrier mechanism, either from the outside of the membrane or via cut 
branches. It might also be related to an inward leakage of calcium through 
cut branches (Fliickiger & Keynes, 1955). 


The time lag in sodium extrusion 

We have previously shown (Hodgkin & Keynes, 1953) that “K is able to 
diffuse longitudinally inside Sepia axons with a diffusion coefficient close to 
the value for free solution. If the intracellular proteins were arranged in a 
fibrillar fashion, they might provide an obstacle to radial movements, and 
diffusion in this direction might be appreciably slowed. However, our present 
experiments show that for™Na moving radially there can be very little obstruc- 
tion of this sort, since diffusion must have occurred almost as fast as in free 
solution. For the much larger dye molecules of methylene blue and eosin, — 
the protein skeleton of the axoplasm, or whatever other orderly internal 
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structure there is, evidently provided a more effective hindrance to free move- 
ment, but all the same did not slow diffusion by a very large factor. The mole- 
cules of aniline blue, which are larger still, were apparently unable to diffuse 
at all through the axoplasm, but factors other than simple size may have been 
involved. 

The rapidity with which “Na reached the cell membrane and began to 
appear in the external medium is also of interest in that it proves that there 
cannot be a time lag of more than a second or two in the operation of the 
sodium pump. Furthermore, it appears to argue against the possibility that the 
sodium might have to be incorporated in some large intracellular molecule, or 
even in submicroscopic particles such as mitochondria, before being extruded 
from the cell—unless such molecules or particles are located permanently so 
close to the axon boundary as to constitute part of the membrane. 


SUMMARY 


1. A microsyringe is described which enables precisely determined volumes 
of fluid to be injected into squid giant axons uniformly over distances of 
3-20 mm. The volume injected is about 1/25 of the axon volume per unit 
length. 

2. The performance of the microsyringe was tested by injecting dye solu- 
tions. Methylene blue and eosin were observed to diffuse radially through the 
axoplasm, but more slowly than in free solution. 

3. Injection of small quantities of KCl did not have any marked effect on 
the membrane potentials. Injection of similar amounts of NaCl reduced the 
reversed potential! at the crest of the spike by an amount which fitted with that 
calculated from the change in sodium concentration ratio. 

4. Injections of 0-37 m-MgCl, and 1 in 1000 tubocurarine chloride solution 
had no great effect on the axons. Injection of 0-37 m-CaCl, liquefied the 
axoplasm and tended to block conduction. 

5. The efflux of *Na introduced into the axon by nficro-injection was 
blocked in the usual way by metabolic inhibitors. 

6. When “NaCl was injected, a steady rate of extrusion of labelled sodium 
was established within 1 min. The diffusion coefficient of sodium in the axo- 
plasm can have been very little less than in free solution, and the sodium pump 
must operate with a lag of not more than a few seconds, 

7. It was established that over short periods the sodium efflux was directly 
proportional to the internal sodium concentration, but that the proportionality 
factor declined with a time constant of about 5 hr. 


We are indebted to the Director and staff of the Marine Biological Association at Plymouth for 
much assistance, to Dr W. A. Hagins for making some densitometer measurements, and to the 
Rockefeller and Nuffield Foundations for financial support. 
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EXPLANATION OF PLATE 


Photomicrographs of squid axons during injection of dyes. A, with shaft of microsyringe in 
position; B to E, respectively 15, 57, 120 and 430 seo after injecting a 3 mm column of methy- 
lene blue. Magnification quarter of that indicated on scale below. F to J, injection of methy- 
lene blue under higher power objective. F, before injection; G to J, respectively 3, 20, 120, 
and 600 sec after injection. K, before injecting eosin; L to N respectively 10, 35 and 600 sec 
after injecting eosin. O, before injecting aniline blue; P to R, respectively 5, 35 and 600 sec 
after injecting aniline blue. The dark streak down the centre of the axon in C, D and E may be 
seen to extend beyond the injected region, and was probably caused by a difference in the 
amount of light scattered by the disturbed axoplasm in the track of the microelectrode and 
microsyringe. 
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THE EFFECT OF DRUGS ON THE AMOUNTS OF 
SUBSTANCE P AND 5-HYDROXYTRYPTAMINE 
IN MAMMALIAN BRAIN 


By M. K. PAASONEN anp MARTHE VOGT 
Pharmacology Department, University of Edinburgh 
(Received 3 August 1955) 


Among other active principles substance P (v. Euler & Gaddum, 1931) and 
5-hydroxytryptamine (HT) are normally present in nervous tissue. The 
distribution of substance P in the nervous system of mammals has recently 
been studied by several investigators (Pernow, 1953; Lembeck, 1953; Kopera 
& Lazarini, 1953; Zetler & Schlosser, 1953, 1954a, 1955; Amin, Crawford & 
Gaddum, 1954); and the concentrations of HT in different regions of dog brain 
have been estimated (Twarog & Page, 1953; Amin et al. 1954; Zetler & 
Schlosser, 19545). 

It is natural that the question of the possible physiological significance of 
these substances arises, and more so because clear differences in concentration 
can be found between neighbouring areas. The substance P activity of the 
dorsal spinal roots is greater than that of the ventral roots, and, because of this 
finding, Lembeck (1953) considered substance P as a possible chemical trans- 
mitter liberated by the first sensory neurone. On the other hand, Zetler & 
Schlosser (1953) think that it is more likely to be the ‘non-cholinergic’ trans- 
mitter for the autonomic system than for sensory pathways. v. Euler & 
Pernow (1954) injected substance P into the third ventricle of anaesthetized 
cats and rabbits and found stimulation of the respiration and a slight rise in 
blood pressure. 

Gaddum (19536, 1954) has drawn attention to the fact that small doses of 
lysergic acid diethylamide (LSD) affect the brain and antagonize some actions 
of HT on smooth muscle; he suspected a connexion between the two pheno- 
mena. Welsh (1953, 1954) regards HT as a neurohormone occurring in inverte- 
brates. He showed that the pooled ganglia of the bivalve molluscs Venus 
mercenaria and Busycon canaliculatum were rich in HT and acetylcholine and 
that, in low concentrations, HT stimulated and acetylcholine inhibited the 
heart of Venus. Florey & Florey (1953), who worked on crustaceans, consider 
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HT to be a transmitter of nervous impulses in this class. Amin e¢ al. (1954) 
established that, in dog brain, HT occurs only in grey matter, and that its 
distribution resembles closely that of noradrenaline as mapped out by Vogt 
(1954). In contrast, there was no correlation between the localization of 
noradrenaline and of substance P, the latter being found in grey nuclei as well as 
in medullated fibres. However, the amount of HT and of substance P was high 
in the central grey matter, in the mid-brain and in the area postrema, parts 
which are all rich in noradrenaline. 

It has been shown (Vogt, 1954) that sympathin (adrenaline and noradrena- 
line) was reduced in amount in the hypothalamus and the mid-brain of cats 
and dogs after treatment with certain drugs. The same drugs did not deplete 
the sympathin from the area postrema. The work presented here was under- 
taken in order to study the behaviour of substance P and HT under the 
influence of drugs. 


METHODS 


Assays. HT was assayed on the isolated heart of the marine bivalve Spisula (Mactra) solida 
as described elsewhere (Gaddum & Paasonen, 1955). This method gives usually the same results 
as assays on the uterus of the oestrous rat, but is superior for the assay of extracts which contain 
certain other substances which affect the rat’s uterus. The greatest difference was found in the 
assay of extracts from the caudate nucleus; when these were assayed on the uterus, the presence 
of HT appeared to be masked by inhibitory substances which did not interfere with the assay on 
Spisula (Gaddum & Paasonen, 1955). The bath fluid used for Spisula was aerated artificial sea 
water containing benzoquinonium chloride (6 mg/l.=10-'m) as an antagonist of acetylcholine. 
An overflow-bath of 2 ml. capacity was used at room temperature. Assays on the rat’s uterus were 
carried out as described by Amin ef al. (1954), but, in order to destroy any adrenaline, the samples 
were pretreated with mushroom extracts following the procedure of Garven (1955). 

Substance P was assayed on the guinea-pig’s ileum suspended in a 2 ml. bath of Tyrode’s 
solution containing atropine sulphate (10~’) and mepyramine maleate (10-*). The dosage employed 
lay usually between 0-1 and 0-25 units. 

Extractions. The procedure of Amin ef al. (1954) was followed. The dry HT-containing residues 
from the evaporated extracts were stored overnight in a desiccator at — 17° C, and were usually 
on the following day. The residues which contained 

—17°C. 

per ne: Dogs of both sexes and weighing between 1 and 20 kg were used. Many experiments 
were carried out on litters of puppies, so that brains from controls and from injected animals 
came from the same litter. Some estimations were made on brains of cattle and pigs dissected in 
the slaughter-house as rapidly as possible, and not later than 2 hr, after the death of the animals. 
The samples were transported to the laboratory packed in dry ice. The dogs were anaesthetized 
with chloroform and bled to death. The dissected parts were rapidly weighed and immersed in 
acetone (20 ml./g of fresh tissue). The ‘hypothalamus’ included the supraoptic nuclei, but not the 
infundibular stalk, the preoptic region, the corpora mammillaria or the optic chiasma. The region 
called ‘the floor of the fourth ventricle’ consisted only of its most caudal part, cut 1-2 mm deep 
and comprising the trigonum hypoglossi and the ala cinerea. The superior cervical and the 
stellate ganglia were pooled in the dog, but in cattle the stellate ganglia were examined separately, 
or together with other thoracic ganglia. 

Drugs. All drugs were administered subcutaneously, except for reserpine which was given 
intraperitoneally. Ephedrine, insulin, caffeine and, occasionally, amphetamine were administered 
in divided doses at 2 hr intervals. Unless otherwise stated, the dogs were anaesthetized and bled 
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in the ala cinerea. In confirmation of the finding by Amin et al. (1954), 
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todeath between 44 and 5} hr after the first injection. The insulin was injected after an overnight 
fast. The drugs were dissolved in 0-9% NaCl solution except for f-tetrahydronaphthylamine 
carbonate which was dissolved in a small excess of HCl and neutralized with NaHCO,, and 
reserpine, of which the solution as provided by Ciba Laboratories Ltd. (‘Serpasil’) was employed. 
The benzoquinonium chloride (‘Mytolon’) was obtained from the Sterling Winthrop Research 
Institute and the substance P reference sample was a laboratory standard containing 13-8 u./mg 
and prepared by Amin ef al. (1954), 


RESULTS 


Substance P. Normal values. The substance P values for hypothalamus and 
caudate nucleus of normal dogs agree essentially with those reported in the 
literature (Pernow, 1953; Amin et al. 1954). Table 2 shows, however, that there 
are large individual variations in the amounts determined; in Expts. 11 and 15 
(Table 2), carried out on puppies, the figures are low and of the same order as 
those reported by Amin et al. (1954), whereas the concentrations found in the 
other litters and in the adult dogs are higher and agree with those given by 
Pernow (1953). It may be that the lower figures of Expts. 11 and 15 should be 
regarded as ‘abnormal’, and as possibly due to some dietary deficiency in the 
recently weaned puppies; that low values also occur in adult dogs, is shown by 
the figures of Amin e¢ al. (1954). Within the same litter, the scatter was always 
small, and therefore most of the work on drugs was carried out on litter-mates. 


TaBLe 1. The amount of substance P (units/g) in the area postrema and the floor 
of the fourth ventricle of dog, cattle and pig 


Area Floor of fourth 
postrema ventricle 
Adult dog 790 184 
330 38 
456 37 
250 50 
Mean 457 77 
Cattle 134 45 
210 30 
85 26 
Mean 143 34 
Pig 167 50 


A series of experiments was carried out in order to re-examine the relative 
amounts of substance P in the area postrema and the caudal part of the floor 
of the 4th ventricle. In a single experiment, Amin et al. (1954) had reported 
the area postrema of the dog to contain much more substance P than did the 
floor of the ventricle, whereas Zetler & Schlosser (1955), working with tissue 
from cattle and man, found little substance P in the area postrema and much 


Table 1 shows that, in the three species examined, the concentration of sub- 
stance P was between four and five times higher in the area postrema than in 
the ala cinerea combined with the trigonum hypoglossi. 
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The last two regions were examined separately in a single cow brain in which 
the floor of the rhomboid fossa was cut out to a greater depth than before. This 
gave higher total figures; the bulk of substance P (334u./g) was found in the 
ala cinerea, and only about one-sixth of the total (70u./g) in the trigonum 
hypoglossi. These findings agreed perfectly with those of Zetler & Schlosser 
(1955), but they did not explain the difference in the amounts found in the 
area postrema. 

The specificity of the activities measured in these regions was then checked 
by the following test. According to Gaddum (19534), a large dose of substance 
P desensitizes the ileum specifically to subsequent doses of this compound. 
Thus 10 units of substance P were added to the bath and left in for 14 min. 
After washing, the responses to substance P standard, as well as those to the 
two brain extracts, had disappeared. During repeated washings the responses 
to all three preparations returned gradually at the same speed. This result 
supports the identity of the active principle in the standard preparation and in 
the extracts of area postrema and floor of the 4th ventricle. 

Finally, some of the regions reported by Amin e¢ al. (1954) to contain very 
little substance P were retested in a few animals. The figures in dog tissue were: 
for cerebellar cortex, 10 and 15 u./g, for pooled sympathetic ganglia, 21 and 
26 u./g, and for the olfactory bulbs, 15 u./g. Stellate ganglia of cattle gave 
values of 12 and 20 u./g. The figures, though low in comparison with the values 
in the hypothalamus, are higher than those reported by Amin ef al. (1954). 

The effect of drugs. All drugs tested (for details see Table 2) were found to be 
without effect on the amounts of substance P in the dog’s brain; the regions 
examined were hypothalamus and caudate nucleus. Since some of the un- 
injected puppies showed lower values than normal adult dogs, comparison in 
young animals should always be made between litter-mates. The question 
whether inadequate dosage might account for the lack of change observed is 
partially answered by the fact that the same doses of insulin, ether and 
-tetrahydronaphthylamine caused a fall in hypothalamic sympathin (Vogt, 
1954); further, as will be shown below, the brains of the animals which had 
unaltered concentration of substance P after the administration of amphet- 
amine and of reserpine, had profound changes in their content of HT. 

HT. Normal dogs. Table 3 contains the estimations, on Spisula, of HT in 
different parts of normal dog brain. The differences between regions found by 
Amin ¢ al. (1954) are confirmed. It is of special interest that the low values 
previously reported for the sympathetic ganglia were confirmed on a pre- 
paration which is insensitive to adrenaline; one objection to the validity of the 
figures obtained on the rat’s uterus had been that some of the adrenaline 
present in the ganglia was extracted by the acetone and might have antagonized 
the stimulating effect of HT on the uterus. 

Another task which could not have been achieved on the rat’s uterus was to 
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TaBLe 2. Amount of substance P (u./g) found in the hypothalamus 


and the caudate nucleus of dogs 
Dose Hypothalamus Caudate nucleus 
no. Drug per kg) Control Injected Control Injected 
Adult dogs 
1 Amphetamine sulphate 15 114 184 142 167 
2 Amphetamine sulphate 20 197 220 203 170 
3 Amphetamine sulphate 20 116 114 167 276 
4 Amphetamine sulphate 20T 248 193 216 210 
5 Amphetamine sulphate 30} 110 169 223 200 
139 — 254 
6 Ephedrine HC! 100 — 180 — 166 
7 Ephedrine HCl 250 116 112 
8 Insulin 3 221 183 
Mean 154 175 201 186 
Puppies 
9 Amphetamine sulphate 20 153 122 180 136 
Insulin 2 144 227 
10 Insulin 2 120 130 - 132 141 
£-Tetrag 32 83 118 
ll Insulin 3 83 102 70 84 
£-Tetrag 50 72 47 
12 Ephedrine HCl 200 143 140 170 157 
13. Ephedrine HCl 250 147 116 96 112 
14 Ephedrine HCl 250 104 158 75 75 
Ephedrine HCl 300 _ 124 — 84 
15 Ephedrine HCl 250 37 41 69 92 
Caffeine and Na benzoate 300 68 71 100 86 
Caffeine and Na benzoate 400 94 128 122 93 
16 Ether -_- 253 192 178 173 
17 Reserpine 0-5 (11 hr) 134 120 95 122 
Reserpine 0-5 (22 hr) -— 132 — 124 
Mean 121 121 133 116 
* Refers to insulin. 
+ Died after 5 hr. 
t Died after 2 hr. 
§ £-Tetrahyd hthyl carbonate. 


Expts. 9-17, the dogs of one experiment were litter-mates. 


TaBLE 3, Estimations of HT (ng/g fresh tissue) in different parts of the brain of normal dogs 


Exp H Caudate Olfactory Cerebellar Area 
te rt) A 
no, nucleus bulb cortex ventricle ganglia Anterior Posterior 
1 280 375 <31 <154 
3 521 298 350 214 <22 
4 317 480 62 12 178 384 <59 ore <18 
5 280 88 31 1 ~ on <19 <22 
6 224 200 25 ~ ae ‘the <29 94 
83 187 58 15 <8 <24 
Mean(7) 329 262 39 9 230 213 0 0 
Mean(6) 370 274 39 9 301 262 0 0 


* Dog no. 7 suffered from severe arteriosclerosis, and the figures for the HT content of its brain are not included 
in the second row of means. 
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test the posterior lobe of the pituitary for possible content of HT. The high 
oxytocic activity of posterior lobe extracts, a little of which is extracted by the 
acetone, would render any estimation of HT invalid. One such extract was, 
in fact, assayed for oxytocin on the rat’s uterus desensitized to HT by lysergic 
acid diethylamide. The contractions had the long latent period typical of 
posterior lobe hormone, and the activity was equivalent to 1-8 u. of standard 
pituitary extract per g of fresh tissue. Thus about 0-5% of the total activity 
of posterior lobe tissue had been extracted by the acetone. The heart of 
Spisula is quite insensitive to oxytocin, and thus its lack of response to acetone 
extracts of the posterior lobe can be taken as proof that HT is absent from 
this tissue. Small quantities of HT were detected in one whole pituitary and 
one anterior lobe. 

The values for the hypothalamus are a little higher than those found by 
Amin e¢ al. (1954), and this is probably due to the high sympathin content of 
this region and the possible contamination of the acetone extracts with some 
of the sympathin. 

A substance stimulating the heart of Spisula was also found in the caudate 
nucleus, in which little HT had previously been estimated by Amin et al. (1954). 
The reason for this discrepancy appears to be the presence, in this region, of 
substances interfering with the assay of HT on the rat’s uterus. Evidence for 
this view is presented elsewhere (Gaddum & Paasonen, 1955). In the present 
paper, the activity shown on the heart of Spisula is described as HT, though it 
may, in fact, only be the HT equivalent of another substance. 

The effect of drugs. In Table 4 adult dogs and puppies are again treated 
separately, since the figures for the concentrations of HT were higher in adult 
dogs. In the adult dogs insulin and 15 mg/kg amphetamine caused no change 
in the HT content of the brain, whereas in one animal (Expt. 2), the content 
was somewhat low after 100 mg ephedrine. The larger doses of amphetamine, 
however, caused a significant reduction of the amounts of HT in both the 
hypothalamus and the caudate nucleus. These doses proved lethal in two of the 
animals. 

The experiments were continued on litter-mate puppies, in order to reduce 
individual variations. Table 4, part 2, shows that ephedrine in larger doses 
than that used in Expt. 2 had no effect on the HT content of the brain. In this 
it resembled ether, insulin and 8-tetrahydronaphthylamine. Amphetamine, on 
the other hand, reduced the HT content of the hypothalamus to about one- 
half, and also lowered the HT content of the area postrema (one experiment). 

By far the most dramatic effect was, however, obtained after an intra- 
peritoneal injection of reserpine. This drug was tried because Shore, Silver & 
Brodie (1955) had shown that it had a profound effect on the metabolism of 
HT. The dogs used belonged to the same litter of nine puppies (Expt. 17), part 
of which had been used to study the effect of amphetamine. 11 and 22 hr after 
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reserpine (0-5 mg/kg), the HT in the three parts of the brain under investigation 
had very nearly disappeared. If the experiment was terminated earlier, or the 
dose of reserpine halved, the figures were low but the loss was less striking. 


- Tasiz 4. Estimation of HT (ng/g) in hypothalamus, caudate nucleus and area postrema of dogs; 


effect of drugs 
; Dose Hypothalamus Caudate nucleus Area postrema 
Drug isu. /kg) Control Injected Control Injected Control, Injected 
Adult dogs 
8 3 421 196 
6. Ephedrine HCl 100 270 170 
1 Amphetamine sulphate 15 354 347 280 303 us ae 
2 Amphetamine te 20 526 217 310 47 — iin, 
8 sulphate 521 298 102 
4 tamine 100 
Mean of 2-5 455 189 363 127 _ _- 
Puppies 
Ephedrine Hei 250 363 366 152 168 = 
phedrine HCl 300 $15 166 
13§ Ephedrine HCl 250 309 234 105 95 
16 Ether $25 340 150 132 — 
10 Insulin 2 259 364 147 208 
9 2 452 487 171 230 
Mean 342 358 145 164 
Amphetamine sulphate 20 452 250 171 142 — = 
Amphetamine sulphate 30 414 216 
453 153 ~ 
Mean 443 221 150 
17 Reserpine 05, 22 br <31 16 <107 
Resorpine 05, llhr_ As 39 As 20 As <63 
Reserpine 0-5 he above 247 above 97 above 141 
| ine 0-25, 13 hr 105 63 oe 
* Refers to insulin. 
t Died after 5 hr. 
t Died after 2 hr. 
§ Assays on rat’s uterus. 
Pooled. 
| #Tetrahydronaphthylamine carbonate 


In Expts. 1-8 (adult dogs), the dogs listed under the same experiment were examined on the same day; in Expts. 
} 9-17 (puppies), the dogs of one experiment were litter-mates. For purposes of identification, the experiments are 
the same current number as in Table 2. 


In the evaluation of the results, the factor of dosage is important, since some 
of the failures to alter the HT and substance P content of the brain might have 
been due to inadequate dosage. Ether was given in a concentration which 
Maintained surgical anaesthesia, insulin in doses which produced weakness 
and sometimes a comatose state from which, however, the dogs could be roused. 
Both caffeine and f-tetrahydronaphthylamine (f-Tetra) were given in near- 
lethal doses. Caffeine produced ataxia as its main effect, and £-Tetra caused 
excitement: the puppies became noisy and slightly ataxic, respiration and 
pulse rate were accelerated. It was obviously not possible to increase the dose 
| Of any of these substances much further. Ephedrine, on the other hand, was 
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surprisingly well tolerated and the signs shown were mild. The dogs were 
quiet, salivated, the respiration was fast and peculiar postures were often 
assumed, twitches occurred but no convulsions: the pulse was slow and often 
irregular. In contrast, excitement was very noticeable with amphetamine: 
respiration was fast, but assumed Cheyne-Stokes character and stopped before 
the heart beat if the dose used was lethal. If the animal died, there was a 


short period of muscular twitches which was probably due to anoxia. Saliva-. 


tion and a tendency to run backwards were regular clinical signs. E. 
Reserpine (0-5 mg/kg) caused slowly developing changes. Sleepiness from 
which the dog could be roused, miosis and loss of appetite were always present, 
also some shivering. Diarrhoea occurred, and there was loss in weight if the 
experiment lasted 11 hr or more. Half that dose produced very few clinical 
signs—some diarrhoea, a loss in body weight and diminished liveliness. 


DISCUSSION 


The relative values for substance P in different regions of the brain of animals 
not treated with drugs confirmed the uneven distribution reported by previous 
workers; one discrepancy remained unexplained, the high figures found by us 
in the area postrema of cattle where Zetler & Schlosser (1955) found low values 
in their experiments. Whether details of dissection, or diffusion taking place in 
the time elapsing between dissection and the death of the animal are possible 
explanations of this difference is unknown. Another fact, for which an 
explanation is needed, is the occurrence of a low content of substance P in the 
brain of some litters of young puppies and not in others. There may be a con- 
nexion between these findings and the observation by Palladin & Bjeljaewa 
(1924) that the ratio amino-N/total-N in the grey matter of dog brain falls 
during fasting. It might be that some nutritional deficiency in the growing 
puppy has the same effect as fasting and reduces the amino-N to which the 
polypeptide P would contribute. 

All drugs used in this work appeared to be without effect on the substance P 
content of the brain. This was so in spite of the fact that some of these drugs 
(ether, 8-Tetra and insulin) cause a fall in brain sympathin, and others 
(amphetamine and reserpine) a loss in cerebral HT. 

Whereas amphetamine caused only a moderate reduction of the HT content 
of brain tissue, a drastic effect was obtained by reserpine; in some experiments 
the depletion was such that no HT was found at all. Neither of these drugs 
have been tested in experiments in which sympathin was estimated. It is 
not very likely that they would have affected the sympathin content of 
the brain, because, so far, only drugs causing stimulation of the autonomic 
sympathetic centres have been found to produce a fall in brain sympathin. 
Reserpine does not appear to stimulate the sympathetic centres and amphet- 
amine is not certain to have such an effect. A difference between the action 
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of reserpine or amphetamine on HT and that of drugs depleting brain sympathin 
is the fact that the area postrema is depleted of HT by reserpine (and probably 
by amphetamine), whereas its sympathin resists the action of drugs which 
reduce it in other parts of the brain. The more generalized effect of reserpine 
is not surprising in view of the fact that its action is not confined to the HT in 
brain, but that it also causes a disappearance of HT from the intestine, as shown 
by Pletscher, Shore & Brodie (1955). Reserpine thus appears to act on HT in 
many tissues, whereas the depletion of sympathin by drugs which stimulate 
certain autonomic centres is restricted to the stimulated regions. Amphetamine 
also caused a fall in the HT content of dog brain. This effect, however, was only 
obtained with doses which were often lethal and were greater than 15 mg/kg, 
and even then the depletion was only partial. The clinical picture obtained 
with the two drugs had no features in common, in fact it offered more contrasts 
than similarities. One might be tempted to speculate that the clinical signs 
after reserpine, among which inhibitions are prominent, might be caused by a 
release of HT into the circulation, whereas the excitation caused by amphet- 
amine may be associated with an excessive utilization of HT or a decreased 
synthesis, the site of synthesis not necessarily being the brain tissue itself. 
Shore et al. (1955) have also expressed the view that reserpine may act by 
releasing HT and based it on the finding that excretion of 5-hydroxyindole- 
acetic acid is increased after administration of reserpine to dogs. The question 
whether HT acts as a transmitter, as it might do in those invertebrates in 
which the heart exhibits a very high sensitivity to HT (Twarog & Page, 1953; 
Welsh, 1953, 1954; Fiange, 1955; Gaddum & Paasonen, 1955), cannot be 
answered by these observations: but they support the theory that HT plays 
some part in the normal function of certain regions of the brain. 


SUMMARY 


1. The concentration of substance P and of HT in different regions of the 
mammalian brain was determined. HT was assayed on the heart of Spisula 
solida. Except for the concentration of HT in the caudate nucleus, the figures 
were in agreement with those reported by other workers. This difference in the 
caudate nucleus was probably due to the presence of substances which interfere 
with the assay of HT on the uterus of the oestrous rat. 

2. The drugs used had no effect on the concentration of substance P in dog 
brain 


_ 3. Reserpine (0-5 mg/kg) reduced the concentration of HT in dog brain to 
vanishing amounts, and amphetamine (20-30 mg/kg) lowered it to approxi- 
mately one-half. 
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THE SIGNIFICANCE OF THE ‘AFTER-DROP’ IN VENOUS 
OCCLUSION PLETHYSMOGRAPHY 


By P. GASKELL 


From the Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London 


(Received 3 August 1955) 


In 1953, Gaskell & Burton postulated the existence of a local postural vaso- 
motor reflex arising from the limb veins. They found that when an attempt 
was made to measure the rate of blood flow in the great toe below heart level 
a record was obtained similar to the diagram in Fig. 1. At A the collecting 
cuff was inflated and there was an immediate sharp rise in the tracing followed 
by a slow return towards the basal level, indicating an apparent negative 


After-drop 


Fig. 1. Plethysmographic record from experiments by Gaskell and Burton showing the ‘after- 
drop’. Record from the distal part of the great toe below heart level. A, inflation of cuff on 
the proximal part of the toe to 70 mm Hg. B, deflation followed by the after-drop. Time in 
seconds. 


flow. When the collecting cuff was deflated at B the tracing fell sharply below 
the basal level and then more slowly returned to it. The fall below the basal 
level was termed the ‘after-drop’ by Gaskell & Burton. The fact that. the 
apparent negative flow and the after-drop appeared in the tracing under the 
same circumstances led to an interpretation which related them to the same 
cause. It was suggested that a further distension of the veins under the 
plethysmograph by inflation of the collecting cuff caused a reflex increase in 
tone and a vasoconstriction on the arterial side of the vascular bed resulting 
40-2 
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in the apparent negative flow. The ‘after-drop’ was believed to be due to a 
persistence of the vasoconstriction for a short time after the venous distension 
was reduced. 

Abramson, Zazeela & Marrus (1939) described a phenomenon similar to the 
after-drop and probably identical with it. They noted it during plethysmo- 
graphic studies of the blood flow in the foot or the hand when these parts were 
below heart level. They thought that it was due to a vasoconstriction occurring 
on deflation of the collecting cuff, and believed that it was mediated by a local 
reflex mechanism. It occurred in patients in whom para-vertebral block of the 
lower extremities had been previously produced. They could not correlate the 
size of the drop with either the pressure in the collecting cuff or the length of 
time the cuff was inflated, and they did not think it was due to stretching of 
the vessel wall because the reaction could be produced by pressure in the cuff 
so low that no change in the volume of the foot was observed. However, the 
phenomenon was abolished if the temperature of the water in the plethysmo- 
graph was increased to 45° C. 

During the present investigation the conclusion has been reached that the 
after-drop is not dependent upon a local reflex of any kind. An explanation 
will be given to show why Abramson ef al, did not observe the phenomenon 
when the local temperature was increased, It is suggested that the cause of 
most, if not all, of the after-drop is a mechanical shifting of blood within the 
veins. When the collecting cuff is inflated it collapses the distended veins 
beneath it, propelling most of the blood within them proximally. This blood is 
unable to return to the collapsed veins, when the cuff is deflated, because of 
the venous valves. Therefore some blood from the veins within the plethys- 
mograph drains into the collapsed veins. If more blood is drained into the 
collapsed veins than has been collected while the cuff was inflated, the blood 
volume within the plethysmograph will drop below basal level and an after- 
drop will appear in the plethysmographic tracing. © 


METHODS 


The technique is essentially that of venous occlusion plethysmography. For the fingers or toes 
thin metal air-filled plethysmographs were used, sealed on a digit by means of plastic adhesive 
tape, and communicating with a photokymograph system. For the larger portions of the limb 
water-filled metal plethysmographs were employed in conjunction with a float recorder system. 
The water temperature was 32-34° C, unless otherwise noted. 

The technique was applied under special circumstances and with certain variations. It will be 
most convenient to indicate the particular circumstances as the results of the experiments are 
described. 


RESULTS AND COMMENTS 
(1) Parts of the extremities from which the after-drop can be recorded. The 
after-drop can be obtained in plethysmography of the fingers, toes, hands, feet 
or of a muscular part such as the forearm, whenever the venous pressure and 
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distension are increased. It makes little difference whether the venous 
distension is produced by lowering the part below heart level or by inflating 
a second venous occlusion cuff around a more proximal part of the limb and 
keeping it inflated during the experiment. 

(2) Degree of venous distension required. When Gaskell & Burton postulated 
that the after-drop was related to a veni-vasomotor reflex, it was believed that 
the veins had to be rather distended before an after-drop would occur. Since 
then we have been able to show that this is not true. Fig. 2A shows an 
example in which an after-drop was obtained in venous occlusion plethys- 

mography of the foot, when the subject was supine and the foot actually 


Fig. 2. (A) Tracing showing that the ‘after-drop’ can be recorded when there is only very little 
venous distension. Record from the foot which was slightly above heart level. After collec- 
tion for about 2 sec at 70 mm Hg the after-drop is seen. (B) Tracing showing that increase 
in the width of the collecting cuff increases the size of the after-drop. In this experiment two 
adjacent cuffs each 6 cm wide were inflated and deflated simultaneously. The after-drop is 
greater than that seen in Fig. 2A, when only one of these cuffs was used. (C) Result showing 
that the after-drop is unlikely to be due to reflex vasoconstriction. In this experiment, as in 
Fig. 2B, two 6 cm cuffs were used. The cuff nearer the plethysmograph was inflated first. 
Subsequent inflation of the cuff further from the plethysmograph could not have increased 
venous distension in the foot. Yet the after-drop was greater than that seen in Fig. 2A when 
only one cuff was used. Inflation of the second cuff had displaced more blood proximally. 


elevated to just above the heart level. There could have been little venous 
distension present under these circumstances. However, the venous pressure 
was not measured in this or in any of the experiments to be described. The 
secret of obtaining an after-drop was to deflate the venous occlusion cuff 
(hereafter designated the ‘collecting cuff’) almost as soon as it was inflated 
(see Results, 6, below). With increasing venous distension, other factors 
remaining constant, the size of the after-drop becomes larger. 

Although the after-drop can be obtained in the absence of high venous 
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pressure, it is nevertheless necessary that the veins within the plethys- 
mograph contain some blood. If the veins are kept practically empty by 
increasing the pressure within the plethysmograph, no after-drop can be 
obtained even though the venous pressure is raised by a more proximal cuff. 

(3) Width of the collecting cuff. Other factors remaining constant, the size of 
the after-drop is increased by the use of a wider collecting cuff. This is also 


shown in Fig. 2. The foot, as already noted, was just above heart level and the. 


venous pressure not artificially increased. The first tracing (A) was produced 
by inflating briefly a single cuff 6 cm wide just proximal to the plethysmo- 
graph. Tracing (B) was the result of inflating simultaneously two such cuffs 


Fig. 3. Results showing that, up to a point, increasing the pressure in the collecting cuff increases 
the size of the after-drop. Records from the foot 65 cm below heart level. Increasing the 


collecting pressure in steps of 10 mm Hg from 20 to 70 mm Hg caused successive increases in 
the size of the after-drop. 


immediately next to one another. The third tracing (C) was obtained when the 
more distal of the two cuffs was inflated first, then the proximal one, and both 
deflated together. It is obvious that the two cuffs, representing a cuff double 
the width of a single cuff, displace more blood and so cause a larger after-drop. 
When the two cuffs are inflated in succession, as in Fig. 2C, it is very unlikely 
that the proximal cuff, inflated last, can increase the distension of the veins 
distal to the distal cuff already inflated, and so increase the stimulus to more 
reflex vasoconstriction. Yet an increased after-drop occurs. 

(4) Collecting-cuff pressure. Up to a point, the size of the after-drop is 
greater with greater collecting-cuff pressure. It is not necessary for the cuff 
pressure to be high in order to obtain an after-drop. A pressure of 30 mm Hg is 
sufficient when the venous pressure is 70 mm Hg. In Fig. 3 the tracings were 
obtained in plethysmography of the foot when the foot was 65cm below 
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heart level. A definite after-drop is observed with a collecting-cuff pressure of 

30 mm Hg and a larger drop with higher pressures. Once the cuff pressure is 

high enough to collapse completely all the veins beneath the cuff, higher 
are not likely to change materially the size of the after-drop. 

(5) Site of the collecting cuff. It is not necessary for the collecting cuff, by 
means of which the after-drop is produced, to be immediately proximal to the 
plethysmograph. . In plethysmography of the foot an after-drop may be 
obtained if the collecting cuff is situated just below the knee, when there will 
be seyeral efficient valves in the veins between the cuff and the plethysmo- 
graph. These valves ought to prevent any appreciable ejection of blood 


Fig. 4. (A) Tracing showing that, other things being equal, the longer the collecting period the 
smaller the after-drop. Record made from the foot 25 cm below heart level. Collecting cuff 
just proximal to the plethysmograph. The second collection lasted for about three times as 
long as the first, and was followed by a smaller after-drop, (B) Tracing showing that 
increasing the rate of the blood flow decreases the size of the after-drop. Record made from 
the foot of the same subject after raising the temperature of the water in the plethysmograph 
from 32 to 43° C to increase the rate of blood flow. No after-drop recorded after the first two 
inflations. 

distally into the veins within the plethysmograph when the collecting cuff is 

inflated. If the inflation is of short duration, there can hardly be enough 

further increase in distension of the veins within the plethysmograph to cause 
by reflex a further marked vasoconstriction on the arterial side and account 
for the after-drop observed. One may argue that the veins just distal to the 
collecting cuff will be distended and that these may set off the reflex affecting 
all more distal vessels. 

(6) Duration of collection and (7) rate of blood flow. The essential point, as far 
as this experiment is concerned, is the actual volume of blood collected while 
the collecting cuff is inflated. The tracings in Fig. 4A were obtained from the 
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foot when it was 25 cm below heart level. The collecting cuff was just proximal 
to the plethysmograph. It is obvious that, with a longer collection period and 
greater volume of blood collected, the after-drop is smaller. The briefest of 
inflations of the collecting cuff is followed by an after-drop. Fig. 4B shows 
that increasing the rate of flow by local heat may decrease the size of the after- 
drop if it leads to more blood being collected in unit time. Unless the collecting 
period is very brief, it may appear that the after-drop has been abolished 
altogether by the heat, as Abramson e¢ al. (1939) thought. 


Fig. 5. Experiment showing the ‘milking’ of blood from the veins of the hand and fot. 
(A) Record from the foot 60 cm below heart level. Successive inflations and deflations of the 
ankle cuff were followed by successive after-drops. (B) Record from the hand veins distended 
by a cuff just below the elbow inflated to 60 mm Hg. Successive inflations and deflations of 
the wrist cuff were followed by successive after-drops. (C) Results of a different experiment 
which favour the mechanical interpretation of the after-drop. After congesting the veins in 
the hand by gradually raising the pressure in a cuff above the elbow to 70 mm Hg the circu- 
lation was quickly arrested by increasing the pressure to 140 mm Hg. Then followed three 
successive inflations and deflations of a cuff round the wrist. The pressure used was 100 mm 
Hg. An after-drop occurred after each deflation. 


(8) Interval between succeeding brief inflations of the collecting cuff. If the 
collecting cuff is inflated briefly several times in succession before the recovery 
phase of the previous after-drop is complete, a result is obtained similar to 
that shown in tracing A, Fig. 5. The volume of the part within the plethys- 
mograph becomes progressively smaller with each succeeding brief inflation of 
the cuff. The blood seems to be milked out of the part until it is practically 
empty. If we are to think of the decrease in blood volume as being due to a 
vasoconstriction of the arterial side of the vascular bed then this greatly 
increased vasoconstriction would, according to the original postulate, follow 
an increasing distension of the veins. But Fig. 5, tracing B, shows that the 
part within the plethysmograph decreases in volume in a similar manner but 
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with little, if any, increase in distension of the veins at the moment of inflation 
of the occlusion cuff. In this experiment the tracing was obtained from the 
hand. The subject was supine and the venous pressure in the upper extremity 
was increased to approximately 60 mm Hg by means of a pneumatic cuff 
around the arm. The collecting cuff, by means of which the tracing was pro- 
duced, was situated on the forearm near the elbow so that valves in the veins 
between cuff and plethysmograph prevented the inflation of the cuff from 
pushing blood distally into the veins within the plethysmograph. In spite of 
the absence of further distension of the veins, the milking effect occurred. 
Further, the same successive decreases in volume of the part within the 
plethysmograph, with successive short inflations of the cuff, can be observed 
even when the blood flow is prevented by an arterial occlusion cuff. Tracing C 
of Fig. 5 is the result of an experiment in which the venous pressure in one 
upper extremity was increased to 70 mm Hg by means of a cuff on the upper 
arm inflated gradually to that pressure. After a reasonable time, to allow the 
expected increase in venous pressure to occur, the pressure in the same upper 
arm cuff was suddenly increased to that necessary for arterial occlusion. Then 
with a collecting cuff situated next to the plethysmograph, which was on the 
hand, tracing C was obtained by inflating the cuff for several short periods of 
time to a pressure of 100mm Hg. On successive deflations of the collecting 
cuff, an after-drop is produced each time, and in the fairly long intervals 
between the deflations and the next inflation of the cuff there is no recovery of 
the volume of the part that might indicate a disappearance of a vasocon- 
striction. 

(9) Sympathetic nerves. The absence of central sympathetic influence does 
not prevent the appearance of the after-drop. Sympathectomy may influence 
the size of the after-drop in so far as it alters the rate of blood flow or the 
capacity of the veins, 

(10) Experiments to test the mechanical explanation. The remaining experi- 
ments were specifically designed to test the mechanical explanation of the 
after-drop. 

(a) If the mechanical explanation is correct, then it should be possible to 
show that the collecting cuff propels proximally blood which does not return. 
An experiment was carried out in which two plethysmographs were employed, 
one on the hand and the second on the forearm. A collecting cuff encircled the 
wrist between them. A second collecting cuff was applied proximal to the 
forearm plethysmograph just above the elbow. Recording was begun from 
each plethysmograph. The proximal cuff above the elbow was inflated to a 
pressure of 70 mm Hg. Collection of blood began in the extremity distal to the 
proximal cuff, as recorded in the hand and forearm plethysmographs (Fig. 6). 
While the collection was continuing at a steady rate, the wrist cuff between 
the two plethysmographs was inflated momentarily. This produced an increase 
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in the recorded volume in each plethysmograph. On deflation of the wrist cuff, 
the decrease in the recorded volume of the forearm was less than the original 
gain when the cuff was inflated. Some of the blood pushed into the forearm 
plethysmograph by the wrist cuff has remained there and the steady rate of 
collection, present before the inflation of the wrist cuff, continues but at a 
higher level than the collection rate could account for by itself. The record 
- from the hand plethysmograph shows an after-drop on deflation of the wrist 
cuff, indicating a smaller volume of the part within the plethysmograph than 
would be expected had the wrist cuff not been inflated. It appears then that 
the forearm volume increased, while the hand volume decreased, as a con- 
sequence of the brief inflation of the wrist cuff. 


Fig. 6. Results of a two-plethysmograph experiment showing that inflation of the collecting cuff 
propels the blood in the veins under it towards the heart. After deflation the collapsed veins 
are refilled by blood from the distal veins. One plethysmograph on the forearm (upper 
tracing) the other on the hand (lower tracing). One cuff on the wrist between the plethys- 
mographs: another above the elbow. A, inflation of upper arm cuff to 70 mm Hg followed by 
gradual distension of the veins in the forearm and hand and under the wrist cuff. B, inflation 
and C, deflation of the wrist cuff. After deflation there was an ‘after-rise’ in the forearm 
tracing and an after-drop in the hand tracing. Note larger scale. 


(6) An experiment was designed to prevent the after-drop by preventing 
the proximal shift of blood on inflation of the collecting cuff, but at the same 
time having present the stimulus which, according to the reflex explanation, 
would lead to an after-drop. The experiment was performed by increasing the 
local venous pressure and then applying two occlusion cuffs to the limb just 
proximal to the plethysmograph and immediately next to one another. When 
the local venous pressure was increased, the more proximal cuff was inflated 
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to a pressure above the venous pressure and at least 20 mm Hg higher than 
the pressure it was intended to use in the cuff just distal to it. An attempt was 
then made to record an after-drop in the part within the plethysmograph by 
momentarily inflating the distal cuff with a pressure that would ordinarily 
produce an after-drop if the cuff proximal to it were not inflated. The results of 
an experiment of this kind are shown by Fig. 7. The tracing was obtained from 
the foot. Local venous pressure was increased by placing the foot 62 cm below 
heart level. Two venous occlusion cuffs were applied just proximal to the foot 
plethysmograph, as described above. At a, a short inflation of the distal cuff 
to 40 mm Hg produced an after-drop in the tracing. At b, the proximal cuff 
was inflated to a pressure of 50 mm Hg and kept inflated. Then at c, the distal 


Fig. 7. Results of another experiment indicating that the after-drop is caused by a mechanical 
shifting of blood and not by reflex vasoconstriction. Record of the volume of the foot 62 cm 
below heart level. Two cuffs encircling ankle. (a) Brief inflation of cuff nearer to the plethys- 
mograph to 40 mm Hg followed by an after-drop. (b) Cuff further from the plethysmograph 
inflated to 50 mm Hg, inflation maintained for the remainder of the experiment. (c) Brief 
inflation of the cuff nearer to the plethysmograph to 40 mm Hg followed by small after-drop. 
Between (c) and (d) pressure in the cuff further from the plethysmograph raised to 60 mm Hg. 
(4), (e) Two other brief inflations of the cuff nearer to the plethysmograph to 40 mm Hg not 
followed by any after-drop. 


cuff was again momentarily inflated to a pressure of 40 mm Hg. As a tiny 
after-drop was produced, the pressure in the proximal cuff was increased to 
60 mm Hg. At d and e, the distal cuff was again inflated momentarily with 
a pressure of 40 mm Hg. An after-drop no longer appeared in the tracing. 
In these circumstances there is no hindrance to a vaso-constriction on the 
arterial side of the vascular bed. The veins within the plethysmograph have 
probably had as great an increase in distension on inflation of the more distal 
cuff, when both cuffs were employed, as when only one cuff was used, yet no 
after-drop or suggestion of increased vaso-constriction occurred. The proximal 
cuff prevented the distal one from shifting the blood in the veins beneath it 
proximally and so prevented the creation of a low-pressure reservoir into 
which the venous blood, under higher pressure within the plethysmograph, 
could drain. 
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(c) To demonstrate the after-drop it is not necessary to distend the veins in 
the part in the plethysmograph. It is not even necessary to use a cuff at all. 
In tracings obtained during plethysmography of the finger, when the arm was 
simply hanging in a vertical position and a vein on the back of the hand or 
forearm was stroked proximally by the observer's finger an after-drop 
appeared on the tracing. Manual stripping of the vein had created a low- 
pressure venous reservoir into which the venous blood from withif the plethys- 
mograph could flow more quickly than it could pass from the arteries to the 
veins, thus causing a temporary reduction in the volume of finger within the 
plethysmograph. Stroking the skin between the veins did not elicit such 
@ response. 

DISCUSSION 
The results may be divided into two groups. The first group includes those 
results which might fit both the reflex and mechanical explanations of the 
_ after-drop. The second group contains the results which can be explained on 
the mechanical basis but not by the reflex hypothesis. 

The first group of results includes the observations that the after-drop may 
be obtained in plethysmography of various portions of the limb and that the 
size of the after-drop is increased by an increase in local venous distension, by 
a wider cuff or by an increase in collecting cuff pressure (Results, 1-4). 

The fact that sympathectomy does not prevent the appearance of the after- 
drop is more in favour of the mechanical explanation but does not rule out the 
possibility of some other local nervous mechanism taking part in a veni- 
vasomotor reflex when the veins are distended (Results, 9). 

None of the other observations made can be explained on the basis of such 
a reflex. It is easy to explain, on a mechanical basis, a larger after-drop with 
shorter collection period (Results, 6), as long as more blood can be collected in 
the veins. If the collection is continued, the blood which is collected will go 
towards filling the empty veins beneath the cuff when it is deflated. A smaller 
volume of the blood present in the veins at the moment of venous occlusion 
(which represents the basal level on the tracing) will be required for this end. 
Consequently, the after-drop will be smaller. If the after-drop were due to a 
reflex set off by increased distension of the veins, one might expect it to be 
greater the more blood was collected and the more the veins became distended. 

The same sort of argument may be applied when considering the influence of 
the rate of blood flow on the size of the after-drop (Results, 7). If, in spite of 
existing venous distension, collection of blood can occur when the occlusion 
cuff is inflated, an increased rate of flow in the part will lead to a smaller 
after-drop since more blood will be collected in a given time. When Abramson 
et al. (1939) described the phenomenon in the foot which is similar to the 
after-drop, they said that local heating of the part abolished it. They thought 
the heating inhibited a reflex vasoconstriction which ordinarily occurred on 
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deflation of the collecting cuff. It would seem that the local heating simply 
increased the rate of flow and the amount of blood collected during venous 
occlusion. The phenomenon was abolished because venous occlusion was con- 
tinued until there was more blood collected than was required to fill the empty 
yeins under the cuff when it was deflated. However, one can show that the 
phenomenon can still be produced after local heating if the collecting cuff is 
only very briefly inflated, so that little or no collection of blood occurs. 

The tracing obtained when the collecting cuff is momentarily inflated 
several times in succession (Results, 8) suggests that the veins within the 
plethysmograph are being ‘milked’ of their blood by the mechanical emptying 
of the veins beneath the cuff and the filling of them by more blood from inside 
the plethysmograph each time the cuff is deflated. Each brief inflation of the 
collecting cuff reduces still more the volume of the part within the plethys- 
mograph, as no time is allowed between the inflations for the veins to be refilled 
by blood from the arteries. It is easy to see how this could be true whether the 
cuff were immediately or some distance proximal to the plethysmograph. 
Even when blood flow is prevented by an arterial occluding cuff, the same thing 
can occur as long as there is some blood in the veins distal to the collecting 
cuff and the valves in the veins are effective in preventing the return of the 
blood propelled proximally when the cuff is deflated. It has been pointed out 
that in these circumstances there is no recovery phase between the deflation 
of the cuff and the next inflation. The recovery phase is really the refilling of 
the distal veins from the arterial side, which cannot occur when the artery is 
occluded. It is difficult to see how the idea of a reflex vaso-constriction can 
explain these tracings. 

The two-plethysmograph experiment (Results, 10a) has shown that, on 
inflation, the collecting cuff does in fact propel blood proximally which cannot 
return distally when the cuff is deflated. Prevention of this displacement of 
blood, as in the two-cuff experiment (Results, 106), abolished the after-drop. 
Finally, the after-drop was produced in a tracing without the use of a cuff, 
but simply by manual displacement of the blood within a vein (Results, 10c). 

On the basis of the evidence presented, it seems that the after-drop is 
mainly, if not entirely, due to a mechanical artifact. This does not, however, 
deny the possibility of the existence of a veni-vasomotor reflex. It simply 
means that the after-drop cannot be explained on that basis. 


SUMMARY 
1. The after-drop which may occur in venous occlusion plethysmography, 
especially when the veins are distended with blood, was shown to be increased 
when the veins were more distended and when a wider collecting cuff or a 
higher collecting pressure was used. It was decreased by increasing the rate of 
blood flow or the collecting period. 
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2. It was demonstrated in sympathectomized limbs and also when the 
circulation in the limb was arrested by an arterial occlusion cuff. 

3. It was abolished by preventing the proximal shift of blood from the 
veins beneath the collecting cuff when the cuff was inflated. 

4. It was produced by manual displacement of the blood within the veins 
proximally in the absence of a collecting cuff or a further increase in venous 
distension of the veins. 

5. It is concluded that the after-drop is largely, if not wholly, a mechanical 
artifact due to a proximal displacement of blood from the veins beneath the 
collecting cuff with the creation of an empty venous reservoir. When the cuff is 
deflated this reservoir is filled by venous blood from within the plethysmo- 
graph. It cannot be filled by backflow from proximal veins owing to the 
venous valves. If more blood is drained into the collapsed veins than has been 
collected while the cuff was inflated an after-drop will appear in the plethys- 
mograph tracing. 

I wish to thank Professor H. Barcroft for his help and advice and Mr G. T. Hales for his 
technical assistance. 
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THE EFFECT OF INTRA-ARTERIAL ATROPINE INFUSIONS 
ON THE BLOOD FLOW THROUGH THE HUMAN HAND 
AND FOREARM : 


_ By P. GASKELL 


From the Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London 


(Received 3 August 1955) 


During an investigation of the existence of sympathetic vasodilator nerves to 
the vessels of the human hand a cholinergic blocking agent was desired which 
could be given intra-arterially and which would have no direct effect of its 
own on the vessels. Upon consideration of atropine sulphate, no direct 
evidence could be discovered in the literature as to its effect on the blood 
vessels of the human subject. A cutaneous dilatation in the blush areas 
following its administration has been described, and is usually attributed to a 
direct action of the drug. 

Regnier’s work (1926) on the rabbit and dog supports this contention. He 
perfused the head or paws of these animals with Ringer’s solution containing 
atropine sulphate and obtained an increase in the venous outflow. A dose of 
0-1 mg produced an increase of 73° from the rabbit’s head but 1-0 mg was 
required to cause a similar dilatation in the paws. In 1927 Schilf found as 
small a dose as 0-05 mg in the femoral artery of the dog caused a momentary 
increase in venous outflow. Larger doses caused a vasodilatation of longer 
duration. Hamet (1936) confirmed this result and noted that 2 mg of the 
drug more than doubled the venous outflow. However, Bussel (1940) found 
that it had very little dilator action in the dog’s hind-leg unless the vascular 
tone in the leg was first raised by adrenaline. In 1938 von Euler noted that 
atropine sulphate in doses of 0-1-1-0 mg had no direct effect on the nerve-free 


- vessels of human placentue when injected into the umbilical arteries. 


In view of the sometimes conflicting results in animal experiments and of the 
lack of direct evidence in human subjects, the present study was undertaken 
to determine whether a dose of atropine sufficient to block peripheral 
cholinergic activity in the upper limb for a reasonable length of time had any 
direct vasoconstrictor or vasodilator effect of its own. 
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METHODS 


The subjects were colleagues and medical students, except for one patient, who had had a bilatera! 
stellate ganglionectomy 5 days before the experiment, performed to relieve a condition in the 
head: his hand vessels were believed to be normal. The rate of blood flow in both hands or forearms 
was measured by venous occlusion plethysmography (Barcroft & Swan, 1953). The water in the 
plethysmograph was kept at 32-33° C for the hands and 33-34° C for the forearms. The room 
temperature was 22-23° C. 

The intra-arterial infusions were given through a needle in the brachial artery at the elbow. 
A continuous infusion of physiological saline (0-9% NaCl) at the rate of 2 or 4 ml. per min was 

intained throughout the experiment by a mechanically driven syringe. The drugs were 
administered by adding them to the saline. The atropine sulphate used was 1 ml. of a watery 
solution containing 1/60 grain (Savory and Moore) diluted in the appropriate volume of physio- 
logical saline. Acetylcholine solutions were prepared by dissolving crystalline acetylcholine 
hydrochloride (Roche) in saline. Solutions of both drugs were made up just before use. Acety!- 
choline solutions produced similar degrees of vasodilatation for at least 1 hr after preparation. 

The ability of a given dose of atropine sulphate to block peripheral cholinergic activity was 
judged from its ability to block the vasodilatation which ordinarily accompanies 4 mg of intra- 
arterial acetylcholine. Usually two infusions of acetylcholine were given before and two after the 
atropine. A good vasodilatation with acetylcholine before atropine was considered to be reasonable 
assurance that the distribution of the drugs was satisfactory. 

Presentation of results. Both graphical and numerical methods were used. They take into con- 
sideration the fact that the blood flow in the hand frequently changes spontaneously, and that 
such changes are usually bilateral and approximately proportional. 

(1) The ratio of the rate of flow, 7’, in the test hand to that, C, in the control hand has been 
plotted for each pair of flows before and during the infusion period. Increase in the ratio after the 
administration of the drug indicates vasodilatation in the test hand and vice versa. 

(2) The effect of the drug has been expressed as the % deviation from the expected blood flow 
in the test hand. 7' and C represented the blood flow in the test and control hands, B before and 


A after the infusion. 7’, was the actual flow in the test hand after the infusion; 7’ 4 was what 
B 
the blood flow in this hand would have been in the absence of any drug action. The deviation 
from the expected flow caused by the drug was T., - 7", 74; and the % deviation was 
B 


) 
100( 1). 
This method was used to see whether atropine had any delayed effect in the first half hour or so 
after its infusion. The rates used for the calculation were the means of ten consecutive rates just 
before the atropine infusion and the means of ten consecutive rates at various times from 1 to 
27 min afterwards. A similar method has been used by other authors to assess the effect of other 
procedures on the blood flow in the hand (Duff, 1952; Greenfield & Patterson, 1954). 


RESULTS 
Effect of atropine on the hand blood flow 
Of eleven normal subjects, the first received only atropine intra-arterially 
since it was injected by hand over 1 min instead of by infusion. Eight others 
were given both atropine and acetylcholine. The remaining two subjects were 
not given atropine because the distribution of the acetylcholine was un- 
satisfactory. Of the nine receiving atropine five were given 0-2 mg, three 
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04mg and one 0-8 mg. The sympathectomized patient received 0-2 mg of 
atropine. 

Effect of atropine on the hand blood flow during the infusion period. Doses 
of 0-2 mg atropine did not have any appreciable effect on the rate of blood 
flow in the hands and 0-4 mg probably none, but the single dose of 0-8 mg of 
atropme produced a very definite vasodilatation on the test side. The 0-8 mg 
dose was not repeated as it also caused marked general effects and would have 
been unsuitable for use in later experiments. 


Sympath. hand 


Hands 


0 2 4 6 0 p eS 6 0 2 4 6 
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Fig. 1. Results showing that intra-arterial infusions of up to 0-4 mg atropine sulphate have no 
immediate effect on the blood vessels of the hand. Blood flow in the test (dots and continuous 
lines) and control (circles and broken lines) hands. Atropine infusion between the vertical 
lines into the brachial artery of the test arm in the dose indicated. 7'/C, ratio of the blood flow 
in the test and control hand. During the infusion of atropine the ratio did not alter: therefore 
the atropine did not have any action on the vessels. The figure also shows that 0-8 mg 
atropine sulphate had a vasodilator action in one subject, and that 0-2 mg did not have any 
effect on the vessels of a sympathectomized hand. 


Fig. 1 illustrates the results in those experiments in which the infusion lasted 
2 min (others were of only 1 min duration). In the experiments with A.8. H. 
and J. E. W. the atropine was given before the effects of the previous acetyl- 
choline infusion had quite passed off. This accounts for the apparent fall in the 
tates. Before any acetylcholine the ratio T/C was about 1-0. The rate of flow 
in the hand of the sympathectomized subject was not altered by 0-2 mg of 
atropine sulphate (Fig. 1). 
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Effect of atropine on the hand blood flow after the infusion period. Table 1 shows 


the results in each experiment on normal subjects in terms of % deviation of 
the rate of flow in the test hand after atropine (see presentation of results). 
There was no evidence of any delayed effect of atropine on the vessels. Even 
after 0-8 mg the vasodilatation disappeared after the infusion ceased. 

As a control for the above in each experiment in which 0-2 mg of atropine 
was given, two groups of ten consecutive paired flow rates were taken before 
atropine was given. They were treated in the same manner as the groups of 
flow rates before and after atropine to show the % deviation of the measured 
rate of flow from the expected rate in the late control period in the test hand. 
The % deviations for these ‘dummies’ are shown in the last column of Table 1. 


TaBie 1. The influence of intra-arterial atropine on the blood flow in the hand. 
T, test; C, control hand; B, before, A after atropine 


Percentage 
deviation 
from 
Mean blood flow 
(ml./100 ml, hand/min) ow Percentage 
Dose r A — caused by deviation 
Subject (mg) T B 0 B T A Cc A atropine dummies 
P.G., 0-2 15 1-7 0-8 1-0 - 9 -12 
A. H.K 0-2 2-9 2-0 20 1-5 - 8 +13 
A.8.H 0-2 7-2 7-4 7-4 7-2 + 6 - 3 
P.M.T.M 0-2 3-9 3-7 3-2 2-8 +8 + | 
J.E.W 0-2 2-3 2-5 2-2 2-7 -ll - 9 
— 28 - 20 
H.B. 0-4 61 43 63 4-5 0 
R.A.S8. 0-4 4-2 3-2 4-0 2-8 +9 
I.A.McG 0-4 61 41 5-9 5-1 
P.G. 0-8 3-1 2-2 1-9 17 


Effect of atropine on the forearm blood flow. Though the primary interest was 
in the effect of atropine on hand blood flow, the effect on forearm blood flow was 
studied in three subjects when the opportunity occurred. Two received 0-2 mg 
of atropine sulphate during 2 min and one 0-4 mg. There were no obvious 
immediate or delayed effects on forearm blood flow (Fig. 2). The percentage 
deviations from the expected flow after atropine (using the means of ten con- 
secutive flow rates as for the hands) were —5, —19, +16. 


General effects of the atropine 
Pulse rate. The 0-2 and 0-4 mg doses of atropine sulphate produced no 
certain immediate changes in pulse rate and little if any change later. The 
0-8 mg dose caused a very definite, but transient, increase in pulse rate of 
about 35 beats/min. The rate began to increase about 4 min after the atropine 
infusion was begun and had returned to the previous rate in another 2 min. 
There was then a slow increase of pulse rate over a 50 min period of about 20 
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beats/min. The transient increase in rate was associated with a sudden 
suffocating sensation in the chest and neck. | 

Dryness of mouth. Doses of 0-2 mg of atropine sulphate caused little if any, 
0-4 mg slight, and 0-8 mg a marked dryness of the mouth. 


| 


ab 
Minutes 


Fig. 2. Results showing that intra-arterial infusions of up to 0-4 mg atropine sulphate had no 
immediate effect on the blood vessels of the forearm: for explanation see Fig. 1. 
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Fig. 3. Results of a typical experiment showing that the vasodilator action of 4-0 mg intra-arterial 
acetylcholine was blocked for half an hour by 0-2 mg atropine sulphate also given intra- 
arterially: for explanation see Fig. 1. nie 
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Ability of atropine to block peripheral cholinergic activity 

Acetylcholine vasodilatation. Infusions of 4-0 mg of acetylcholine may in- 
crease the hand blood flow to 35 ml./100 ml. hand/mim (Duff, Greenfield, 
Shepherd & Thompson, 1953). In all experiments on the hand, atropine 
sulphate 0-2 mg or more prevented the increase in hand blood flow usually 
caused by the acetylcholine infusions (Fig. 3). Smaller doses of atropine were 
not investigated. 0-2 mg abolished the acetylcholine dilatation for approxi- 
mately half an hour and no vasodilatation was obtained 45 min after 


0-8 mg (Fig. 4). 
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Fig. 4. Results of an experiment showing that the vasodilator action of 4-0 mg intra-arterial! 
acetylcholine was blocked for 45 min by 0-8 mg atropine sulphate also given intra-arterially : 
for explanation see Fig. 1. 


Abolition of sweating. In another paper (Gaskeil, 1956) experiments will be 
reported in which 0-2 mg of atropine sulphate was infused while the subjects 
were being indirectly heated. However, it is of advantage to note here that 
this dose of atropine abolishes sweating in the hand and forearm of the test side 


to the extent that the skin feels dry and smooth. Sweating persists on the 
opposite side. 
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DISCUSSION 


The rate of blood flow in both hands or forearms has been measured in order to 
ascertain the effect of the atropine on the test side. The rate of flow, parti- 
cularly in the hands, varies so widely and quickly even in the resting subject 
that it is unwise to depend upon changes in the test limb alone to indicate 
relatively small effects of a drug on the blood vessels. Even when the opposite 
limb is used as a control in the manner of this study, deviations in the rate of 
flow on the test side of less than about 25% from the expected value cannot be 
considered significant (Duff, 1952). Furthermore, the use of the control side 
is only of value if the drug given into one brachial artery does not reach the 
opposite limb in sufficient concentration to affect the vessels there to any 
appreciable extent. Atropine is a more stable substance in the body than such 
drugs as acetylcholine or adrenaline, and whatever amount of the infused 
drug is not taken up by the tissues in the immediate distribution of the artery 
is available to influence vessels in other parts of the body. However, the 
amount of atropine which might reach the opposite limb can hardly be more 
than about one-sixtieth of that reaching the test side and is probably much less 
than that. One would hope that such a difference in the amount of drug 
reaching the two sides would greatly favour the manifestation of any effect on 
the test side. This hope is sustained by the fact that even in the hot subject 
when the rate of flow would be high, 0-2 mg of atropine sulphate appears to 
abolish sweating on the test side while sweating persists on the control side. 
Again in the single experiment in which 0-8 mg of atropine sulphate apparently 
caused an immediate vasodilatation on the test side there was no suggestion 
of any effect on the control side. 

Apart from the 0-8 mg dose of atropine sulphate there was no appreciable 
effect of the drug on the vessels of the hand or forearm. There was no significant 
change in the ratio of flow on the test side to flow on the control side and no 
consistent change in the rate of flow on both sides immediate or delayed, which 
would indicate any effect. | 

SUMMARY 

1. Nine normal subjects and one patient with sympathectomized hands 
Were given atropine sulphate, injected into the brachial artery in doses 
ranging from 0-2 to 0-8 mg, while the rate of blood flow in the hands was 
Measured by venous occlusion plethysmography. 

2. Three normal subjects were given intra-brachial atropine sulphate in 
doses of 0-2-0-4 mg, while the rate of blood flow in the forearm was measured 
by the same method. 

3. Intra-arterial atropine sulphate in doses of 0-2 and 0-4 mg had no 
appreciable effect, immediate or delayed, on the rate of blood flow in the hand 
forearm. 
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4. Intra-arterial atropine sulphate in a dose of 0-8 mg in a single experi- 
ment had an immediate vasodilator influence on the rate of blood flow in the 
test hand but this did not persist. 

5. Intra-arterial atropine sulphate in doses of 0-2 mg blocked the vasodilator 
effect of 4-0 mg acetylcholine on the vessels of the hand for half an hour. 


I wish to thank Professor H. Barcroft for his help and advice, and Mr G. T. Hales for his technical 
assistance. Part of the expenses were defrayed from a grant from the Medical Research Council 
to Professor Barcroft, and part from an American Life Insurance grant. The author was a Life 
Insurance Medical Research Fellow. 


REFERENCES 
Barcrort, H. & Swan, H. J. C. (1953). Sympathetic Control Teo eet Vessels. London: 
Edward Arnold. 


Bussagu, L. J. (1940). The relation of atropine to adrenaline and the sympathetic nervous system. 
J. Pharmacol, 69, 128-139. 

Durr, F., Greznrrecp, A. D. M., Sueruerp, J. T. & THompson, I. D. (1953). A quantitative 
study of the response to acetylcholine and histamine of the blood vessels of the human hand 
and forearm. J. Physiol. 120, 160-170. 

Durr, R. 8. (1952). Effect of sym thectomy on the response to adrenaline of the blood vessels 
of the skin in man. J. Physiol. 117, 415-430. | 

vow Evusr, U. 8. (1938). Action of adrenaline, acetylcholine and other substances on nerve- 
free vessels (human placenta). J. Physiol. 93, 129-143. 

GasKELL, P. (1956). Are there sympathetic vasodilator nerves to the vessels of the hands? 
J. Physiol. 131, 647-656. 

GREENFIELD, A. D. M. & Parrerson, G. C. (1954). The effect of small degrees of venous distension 
on the apparent rate of blood inflow to the forearm. J. Physiol. 125, 525-533. 

Hamet, R, (1936). Sur le mécanisme de l’action vasodilatatrice de l’atropine. C.R. Soc. Biol., 
Paris, 122, 42-45. 

REGNIER, P. er Action vasculaire et vasomotrice de l’atropine. Arch. int. Pharmacodyn. 31, 


Sour, E. (1927). Uber die Wirkung von Atropin und Histamin (nach atro- 
Arch, exp. Path. Pharmak, 126, 37 


J. Pt 


Ther 
nerv 
& 

The 

the 
incre 
the 1 

hea 
vaso 
pati 
fluer 
Wal 
han 
in 
sub) 
han 
littl 
of n 
Vasc 
war 
& Sil 
flow 
ob | 
ana 
(19+ 


J. Physiol. (1956) 131, 647-656 


ARE THERE SYMPATHETIC VASODILATOR NERVES TO 
THE VESSELS OF THE HANDS? 


By P. GASKELL 


From the Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London 


(Received 3 August 1955) 


There is still considerable doubt about the existence of sympathetic vasodilator 
nerves to the human hand. The first evidence for them was obtained by Lewis 
& Pickering (1931), in patients who suffered from Raynaud’s phenomenon. 
They noted that, when the patient was cooled and the fingers were exhibiting 
the phenomenon, anaesthetization of the ulnar nerve at the elbow failed to 
increase the temperature of the skin of the little finger and also greatly delayed 
the rise in the temperature of this finger when the cooled subject was indirectly 
heated. They suggested that the nerve block had removed the influence of 
vasodilator fibres which were more important in dilating the vessels when the 
patients were warmed than was the mere removal of constrictor nerve in- 
fluence. Their results were confirmed by Fatherree & Allen (1938), but Warren, 
Walter, Romano & Stead (1942) denied that such fibres were present in normal 
hands because anaesthetization of the sympathetic supply to the hand resulted 
in a rate of blood flow essentially the same as the maximum occurring when the 
subject was indirectly heated, and the local water temperature about the test 
hand was increased to 43° C. 

Sarnoff & Simeone (1947) could not obtain a drop in skin temperature of the 
little finger when the ulnar nerve was blocked during indirect heating either — 
of normal subjects or of patients with Raynaud’s disease, and concluded that 
vasodilator nerves played no part in the vasodilatation produced by body 
warming. Arnott & Macfie (1948) came to the same conclusion after performing 
a similar type of experiment on normal subjects, but following changes in blood 
flow in the little finger by measuring the heat elimination from the finger. 

Grant & Holling (1938) had more success in normal individuals, and did 
obtain a fall in skin temperature of the forearm when cutaneous nerves were 
anaesthetized during vigorous indirect heating. Doupe, Cullen & Macauley 
(1943) have confirmed this. However, no similar result in the hand has been 
teported. 
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Only one group of previous observers has employed venous occlusion 
plethysmography to measure the rate of blood flow (Warren et al. 1942) and it 
was then used in only one subject. We believe it has certain advantages, which 
will be pointed out below, over the other techniques in this type of problem. 
In view of this, the question of sympathetic vasodilator nerves to the hand has 
been re-investigated, making use of plethysmography. Furthermore, we 
have in some experiments departed from the usual procedures in an effort to 
avoid what might be a major stumbling block in the form of residual sympa- 
thetic vasoconstrictor tone during indirect heating. 


METHODS 


Two types of experiments were employed, each based upon a different principle. The first type is 
based upon the principle previously employed by Sarnoff & Simeone (1947) and by Arnott & 
Macfie (1948). It is that a decrease in the rate of blood flow in the hand should result if its nerve 
supply is anaesthetized during indirect heating of the subject. It is assumed that any sympathetic 
vasodilator nerves will be activated by indirect heating, and that the heating will also completely 
inhibit the activity of the vasoconstrictor nerves. Anaesthetization of the nerves in these circum- 
stances will influence the calibre of the vessels only because of abolition of vasodilator impulses. 

The second type of experiment was designed with the idea of being independent of the assump- 
tion that the vasoconstrictor nerves are completely inhibited by indirect heating. For the purpose 
of the experiment we assumed that sympathetic vasodilator fibres, if they exist, are cholinergic, 
activated by indirect heating of the subject and capable of being blocked by a cholinergic blocking 
agent given intra-arterially. The principle of the second type of experiment, therefore, is to look 
for a decrease in the rate of blood flow in the hands when atropine sulphate is injected into the 
brachial artery during indirect heating of the subject. 

The general procedure for the experiments then was to heat the subject indirectly and to record 
the blood flow in the reflexly vasodilated hands before and after either (a) blocking the nerves to 
one of them, or (6) infusing atropine sulphate solution into the brachial artery on one side. 

The subjects were colleagues and medical students, except for. four patients who suffered from 
Raynaud’s phenomenon of the hands. Room temperature was 20-25° C. The subject lay on a 
padded table. The rate of blood flow in the hands was measured by venous occlusion plethysmo- 
graphy (Barcroft & Swan, 1953). The temperature of the water in the plethysmographs was 
33-34.5° C. Indirect heating was accomplished by immersing the feet and lower legs in water 
at 44-45° C and covering the subject as much as was practicable with a double thickness of 
blanket. 

In the nerve-block experiment the deep radial, median and ulnar nerves were anaesthetized 
with lignocaine 2% (Xylocaine, Duncan, Flockhast and Co.), to which was added B.P. adrenaline 
to a concentration of 1: 100,000 just before use (Barcroft, Bonnar, Effron & Edholm, 1943). A 
total of approximately 6 ml. of anaesthetic solution was used for the three nerves. 

In the experiments in which atropine was used the intra-arterial infusions were given through a 
needle in the brachial artery at the elbow; a continuous infusion of normal saline at the rate of 


2 ml./min was maintained throughout the experiment by a mechanically driven syringe. Atropine — 


was administered by substituting a syringe containing a solution of atropine sulphate in physio- 
logical saline (0-9% NaCl); 0-2 mg was given in 2 min. This dose has been shown to have no direc‘ 
effect of its own on the vessels in the unheated subject (Gaskell, 1956). The atropine sulphate 
EPR used was a watery solution containing 1/60 grain/ml. as supplied by Savory and 
oore 
Calculation of results. The effect of the nerve block or the atropine on the rate of flow in the 
test hand is indicated by the degree of deviation of the measured rate, after the block or drug, 
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from the rate expected if they had not been administered. This was calculated by the formula 
% deviation from the expected rate = 100 (54a). 


where 7’, and 7’, are respectively the means of ten consecutive measured rates of flow (ml./100 ml./ 
min) in the test hand before and after the administration of the nerve block or drug, and where 
C, and C’, are the corresponding means for the control hand (Gaskell, 1956). 
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Fig. 1. Result of a typical experiment showing that nerve block did not reduce the blood flow 
through the reflexly vasodilated hand. Body covered with blankets and both legs immersed 
to well above ankles in water at 44° C at time 0. Nerve block, infiltration local anaesthetic 
round the radial, median and ulnar nerves on the test side (dots). O.7'., oral temperature. 


RESULTS 

Nerve block experiments 
The blood flow in the hands recorded in two subjects before and after the 
nerve blocks is shown in Figs. 1 and 2. In Table 1 are presented the results 
of six experiments in which the hand blood flow was measured and the block 
of the deep radial, median and ulnar nerves was reasonably good as judged by 
loss of muscle power, and by anaesthesia and dryness of the skin. The table 
shows that nerve block had no significant effect upon the rate of the blood 
flow in the test hand. 

As a control, in each experiment the means of two groups of ten consecutive 
flow rates (for each hand) before the nerve block were treated in the same 
manner as the means before and after the block to see what percentage devia- 
tion from the expected flow occurred in the later mean flow in the test hand 
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before the block. The deviations for these dummy calculations are shown in the 
penultimate column of Table 1. 

In Table 2 the results of the same experiments are treated slightly differently. 
This is in order to utilize the advantage of venous occlusion plethysmography 
over other methods of indicating changes in the rate of blood flow in experi- 
ments such as these. In spite of indirect heating there can still occur some 
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Fig. 2. Result of another typical experiment showing that nerve block did not reduce the blood 
flow through the reflexly vasodilated hand. For explanation see Fig. 1. 


TaB_E 1. The influence of nerve block on the rate of the blood flow in the hands of indirectly 
heated normal subjects. 7', test; C, control hand; B, before, A, after nerve block 


Percentage 
Mean blood fi fro 
ow m 
Oral (ml./100 ml. hand/min) flow Percentage 

A ~ caused by deviation 
Subject (°C) T's Ce, T', ‘4 nerve block dummies 

P.G 37-6 26-3 26-0 28-6 24-5 +16 — 3 

K. 32-4 28-1 43-1 34-5 + 9 +11 
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fluctuations in sympathetic vasoconstrictor tone. If the flow rates used to 
calculate the expected rate of flow in the test hand after the block included 
rates measured when the vasoconstrictor tone was increased, the expected rate 
would be decreased and possibly prevent detection of a relatively small 
decrease in flow due to the nerve block on the test side. Venous occlusion 
plethysmography measures the rate of flow over a few seconds only, and so 
allows one to select the determinations in which the rates of flow on the control 
side are highest in relation to the rates on the test side, i.e. when sympathetic 
vasoconstrictor tone is least. This has been done for the experiments in Table 1 
and the results are shown in Table 2. The means are of groups of five selected 
flow rates instead of ten consecutive rates. Even so the mean percentage 
deviation of —9-2 was not quite significant. 


TasLe 2. The influence of nerve block on the rate of the blood flow in the hands of indirectly 
heated normal subjects. Selected flow rates from the experiments shown in Table 1. 7’, test; 
C, control hand; B, before, A, after nerve block 


Mean blood trem 
ow expected Percentage 
(ml./100 ml. hand/min) flow deviation 
r A . caused by dummies 
Subject T's Cs T, C, ° nerve block (Table 1) 
P.G. 24-9 26-9 26-6 26-3 + 9 - 3 
A.HLK. 30-1 288 420 423 — 5 +11 
M.J.M. 37-2 «86232 6416 8298 —13 1 
E.O.R.R. 2156 23 175 29-4 —22 — 20 
R.W.W.K. 40-8 39-6 42-6 54-6 —24 -l1 
M.H.M. 15-6 21-5 21-1 29-2 0 — 4 
—9-2+53 —4-74+42 
Atropine infusion experiments 


The rate of blood flow was not measured in the first experiment so that the 
hands could be inspected. At the time of the atropine administration the 
subject’s oral temperature was 37-7°C., and he was perspiring profusely. 
While the atropine was being infused, the hand receiving it was wiped with a 
towel every few seconds. About half a minute after beginning the drug, 
sweating in the test hand ceased dramatically. The opposite hand continued 
to perspire and'the subject remarked upon the difference in the feel of the two 
hands, one dry and the other damp. This indicated that in spite of a high rate 
of flow there was not sufficient atropine travelling quickly into the general 
circulation to block the sympathetic cholinergic fibres in the control hand and 
render the experiment useless. The pulse rate just before the atropine averaged 
23 beats in 15 sec., during the infusion 23, and over the 11 min. just after the 
infusion 21 beats. 

In the second experiment there was a transient increase in pulse rate of 
approximately 20 beats per min, beginning 1-14 min after starting the atropine 
infusion and lasting less than a minute. The skin of the forearm on the test 
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Fig. 3. Result of a typical experiment showing that intra-brachial atropine sulphate did not 
reduce the blood flow through the reflexly vasodilated hand of a normal subject during body 
warming. The atropine was given into the brachial artery on the test side (dots) during 
venous congestion to hinder its passage through the vessels. Decrease in the ratio 7'/C would 
have been expected had the atropine blocked impulses in cholinergic vasodilator fibres. 


Tass 3. The influence of intra-arterial atropine on the rate of the blood flow in the hands of 
indirectly heated subjects. 7’, test; C, control hand; B before, A after atropine 


Oral 

Normal temp. 
Subjects (° C) 
38-4 
P.G. 38-6 
P.G, 38-1 
A.J.P. 38-4 
G.D.T 38-1 
C.E.P. 38-7 
D.J. 38-0 

Raynaud subjects 

M.A.B. 37-6 
H.McB 37-7 
J.W. 37-2 
G.H. 38-1 


Mean blood flow 
(ml./100 ml. hand/min) 

Ts Cs C, 
24-6 39-5 26-2 46-8 
18-9 22-6 29-8 35-5 
29-2 29-4 30-4 28-8 
29-9 32-9 23-4 29-8 
10-0 10-6 14-0 16-8 
33-0 34-1 34-1 33-4 
25-3 26-7 24-5 25-2 
15-0 20-5 15-1 20-8 
26°5 33-5 23-6 32-1 
21-1 21-8 26-5 26-2 
16-2 28-5 10-8 24-7 


Percentage 
deviation 
in expected 
flow Percentage 
caused by deviation 
atropine dummies 
—10 + 8 
0 + 2 
+ 6 0 
—14 - 9 
+10 
+ 6 + 7 
+ 3 
—2-9+3-2 + 2-94 2-4 
- 1 +15 
+ 4 + 1 
— 23 +15 
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side was dry and that on the control side was damp after the atropine. Because 
of the transient increase in heart rate in this experiment, the atropine in all 
subsequent experiments on hot subjects was administered while a venous 
congestion in both arms was maintained by pneumatic cuffs around the upper 
arm inflated to a pressure of 60 mm of mercury. It was hoped that the slowed 
circulation in the limbs would allow more of the atropine to be taken up in the 
local tissues and less to pass into the general circulation. Fig. 3 illustrates one 
of the later experiments. 
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Fig. 4. Result of an experiment showing that intra-brachial atropine sulphate did not reduce the 
blood flow through the reflexly vasodilated hand of a Raynaud patient during body warming. 
For explanation see Fig. 3. 


Table 3 presents the results of seven experiments on normal subjects. The 
mean flow rates are the means of ten consecutive flow-rate determinations. 
In none of the experiments did the actual flow after atropine deviate by more 
than 14% from the expected flow if no atropine had been given. Dummy 
deviations for these experiments are also given in Table 3. 

Similar experiments were performed on four patients who suffered from | 
Raynaud’s phenomenon of the hands, the results of which are included in Fig. 4 
and in Table 3. Control calculations for H.McB. are lacking. In only one of 
these patients (G.H.) was the rate of flow after atropine very far from the 
expected value if atropine had not influenced the flow. 
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DISCUSSION 


-It is obvious from the experiments on animals that there is an important 
species variation. Therefore the belief in the existence of sympathetic vaso- 
dilator nerves in humans must stand on evidence obtained in the human 
subject. We are particularly concerned with their existence in relation to the 
skin vessels of the hands, but there are only three pieces of evidence that they 
supply the human skin at all: (1) the work of Lewis & Pickering (1931) on 
digital vessels in Raynaud's disease, in which they explained a difference in 
response to indirect heating between the cooled, constricted vessels with intact 
nerve supply and those with blocked nerves, on the basis of sympathetic vaso- 
dilator impulses being interrupted by the nerve block; (2) Grant & Holling’s 
(1938) success in lowering the forearm skin temperature of an indirectly heated 
subject by blocking the nerves supplying a large cutaneous area; (3) the work 
of Armin, Grant, Thompson & Tickner (1953) in which they found evidence 
of the presence of acetylcholine and of cholinesterase activity in extracts of 
human digital arteries. 

In normal subjects in a cold environment blocking the ulnar nerve leads to 
vasodilatation of the little finger and a rise in its skin temperature, even when 
the hand is in an environmental temperature of 0° C. Therefore most previous 
investigations on normal subjects have depended upon demonstrating a 
difference in the maximum rate of flow, obtainable during indirect heating, 
between a hand or finger deprived of its vasodilator impulses and one still 
receiving them. Only the manner of achieving this end has varied somewhat. 
In all previous investigations, abolition of the vasodilator impulses has been 
secured by anaesthetizing the appropriate nerve supply, which procedure also 
incidentally removes the vasoconstrictor impulses. This fact has made it 
imperative that all vasoconstrictor tone of nervous origin in the hand vessels 
should be completely inhibited in the control hand by the heating. Under these 
conditions, when the rate of flow is very high, the reliability of the methods of 
ascertaining the rate of blood flow may be suspect. At a high level of flow, too, 
Lewis & Pickering (1931) thought that it would be difficult to demonstrate 
activity in vasodilator fibres, because the simple removal of vasoconstrictor 
tone increases the skin temperature so near to blood temperature that little 
further rise would be possible even if there were greater dilatation. This parti- 
cular point, however, does not apply to venous occlusion plethysmography 
or to calorimetry. Also Arnott & Macfie (1948), in one set of their experiments, 
measured the rate of heat elimination when the vasodilated finger was immerse: 
in water at a low temperature. This should have obviated the difficulty to some 
extent at least. In fact, they found that the cold environment itself caused 
some vasoconstriction, which should have allowed the dilator influence of the 
nerves to show itself as an opposing influence. 
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If we can rely on heat elimination or venous occlusion plethysmography to 
measure the high rates of flow reasonably well, then it is apparent that the 
influence of any sympathetic vasodilator activity is absent or small, or, that, 
even with a high oral temperature, the nerve block is abolishing as much or 
more vasoconstrictor than vasodilator influence. Even after selecting indi- 
vidual pairs of flow rates, so that every advantage is given for the activity of 
vasodilator nerves to show itself, the results do not suggest the existence of 
dilator fibres. 

It was hoped that the atropine would selectively abolish any cholinergic 
vasodilator mechanism that might exist, without influencing the sympathetic 
vasoconstrictor tone at all. This would have two main advantages: (1) the 
results would be independent of any variation in sympathetic vasoconstrictor 
tone, and (2) as the subject need not be heated so vigorously, the actual rate 
of blood flow might be less, with consequently more reliability in measuring 
it. Any decrease in the rate of flow in the test hand relative to that in the 
control hand, as a result of atropine administration, might fairly be ascribed 
to the abolition of a cholinergic vasodilator mechanism. If there were no 
decrease, there should be no hesitation in denying its existence, provided one 
was satisfied that the atropine could reach the site of action of the mechanism, 
and that the mechanism was not atropine-resistant. Although certain doses 
of atropine block sympathetic cholinergic vasodilator fibres in animals, and 
although the doses of atropine used in the present experiments have been 
shown to block intra-arterial acetylcholine, it is possible (but not likely) that the 
doses in the present experiments were inadequate to block cholinergic vaso- 
dilator fibres. The evidence against such fibres is very strong rather than 
conclusive. 

Armin et al. (1953) suggested that, in the central artery of the rabbit’s ear 
and possibly in human digital arteries, there is a cholinergic vasodilator 
mechanism which releases acetylcholine continuously, whether or not the body 
temperature is elevated, and that sympathectomy does not appreciably in- 
fluence this for some hours. If this were true of the human digital arteries and 
vessels of the skin, it would explain why the nerve block experiments have 
been unsuccessful in demonstrating the existence of the vasodilator mechanism 
in normal subjects. However, it would also mean that the explanation given 
by Lewis & Pickering (1931) for their results in patients with Raynaud’s 
disease and that given by Grant & Holling (1938) for their results in the skin of 
the normal human forearm are no longer valid unless there is more than one 
type of sympathetic vasodilator fibre activity. The experiments carried out in 
the second part of this investigation with intra-arterial atropine infusions 
should have identified a cholinergic vasodilator mechanism, such as that 
suggested by Armin e¢ al., but they have failed to do so. 
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SUMMARY 


1. In six indirectly heated subjects anaesthetization of the mixed nerves 
which supply the hand had no significant effect on the rate of blood flow in the 
hand. 

2. Inseven normal subjects and four patients who suffered from Raynaud’s 
phenomenon, 0-2 mg of atropine sulphate injected into the brachial artery had 
no significant effect on the rate of blood flow in the hand. 

3. These results do not support the existence in the human hand of either 
vasodilator nerves or a cholinergic vasodilator mechanism activated by 
indirect heating. 

The author wishes to thank Professor H. Barcroft and Dr J. M. Tanner for advice, Professor A. M. 
Boyd and Mr R. P. Jepson of the Royal Infirmary, Manchester, for access to their Raynaud 
patients, and Mr G. T. Hales for technical assistance. 

Expenses were defrayed by the American Life Insurance and by a Medical Research Council 
grant to Professor Barcroft. The writer was the holder of a Life Insurance Medical Research 
Fellowship. 
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THE BLOOD FLOW THROUGH THE HAND DURING LOCAL 
HEATING, RELEASE OF SYMPATHETIC VASOMOTOR TONE 
BY INDIRECT HEATING, AND A COMBINATION OF BOTH 


By I. C. RODDIE anv J. T. SHEPHERD 


From the Department of Physiology, The Queen’ s 
University of Belfast 


(Received 12 September 1955) 


The local application of heat to the hand dilates the blood vessels, and hence 
the blood flow through the hand increases (Hewlett, van Zwaluwenberg & 
Marshall, 1911). According to Abramson (1944) this procedure can produce 
maximal dilatation of cutaneous vessels. When the hand is immersed in water 
at 44-45° C, which is about as hot as can be borne without discomfort, the 
oxygen and carbon dioxide contents of the venous blood from the hand are 
similar to those of the arterial blood (Goldschmidt & Light, 1925). 

When distal parts of the body are heated there is also a large increase in the 
blood flow through the hand due to the release of sympathetic vasomotor tone 
(Lewis & Pickering, 1931; Gibbon & Landis, 1932). The object of the present 
investigation was to determine whether an even greater hand blood flow could 
be produced by a combination of direct heat with release of sympathetic vaso- 
motor tone by indirect heating than could be obtained by either procedure 
applied separately. The results have already been reported briefly (Roddie & 
Shepherd, 1955). 


METHODS 


The experiments were carried out on six normal male subjects aged 19-28 years. Temperature- 
controlled venous occlusion plethysmographs (Greenfield, 1954) were used to measure the blood 
flow through the hands. Local heating was applied by raising the water temperature in the plethys- 
mograph from 32 to 44-45° C. Release of sympathetic tone was obtained by indirectly heating 
the subject in one of two ways. In some experiments the subject's legs were immersed to knee 
level in stirred water at 44° C and the rest of the body wrapped in blankets (Gibbon & Landis, 
1932); in the other experiments the subject was immersed to xiphisternal level in water at 
42-43° C and the non-immersed part of the body was covered in a mackintosh cape and hood. 
Mouth temperature was measured by either a clinical thermometer or a thermo-electric junction. 
During the initial part of each experiment the room temperature was about 19° C. When the 
indirect heating commenced the room temperature was increased to 22-23° C to facilitate the 


release of vasomotor tone. 
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While the plethysmographic method is the only one suitable for the present investigation it may 
be difficult to record the blood flow through the hand accurately by this technique if the flow is 
very large. In an initial series of experiments the arms were supported on an inclined table in an 
abducted position with the elbows slightly flexed and the hands a few cm above the sternal angle. 
At high levels of flow records obtained in this position were often hard to interpret owing to the 
difficulty of drawing a tangent to the inflow curves before these flattened out. Much better 
records were obtained when the arms were not abducted, and since the hands were at the same 
level with reference to the heart in both positions, it was thought that in the abducted position 
there was venous congestion due to obstruction of veins around the shoulder, The experiments 
to be reported were therefore made with the arms by the side, the elbows slightly flexed and the 
hands a few cm above the sternal angle. 

The application of the collecting pressure was made pravtically instantaneous on the two sides 
by the use of matched collecting cuffs connected to a pressure reservoir by short lengths of wide- 
bore rubber tubing. This insured that any artifact on the records due to the inflation of the cuffs 
was quickly completed. In spite of these precautions the records from one subject on one occasion 
were difficult to interpret and hence were not included in the series. 
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Fig. 1. Changes in hand blood flow in two experiments during local and indirect heating. Right- 
hand (©) plethysmograph temperature surrounded with water at 32°C throughout the 
experiment. Left-hand (@) plethysmograph temperature raised from 32 to 44° C at time 0 
and kept at this temperature for the remainder of the experiment. At 25 min, in order to 
release sympathetic vasomotor tone, the legs were immersed to knee level in water at 44° C 
(A) or the body was immersed in a bath at 42° C (B). 


RESULTS 


The results of typical experiments on one subject are shown in Fig. 1. With 
the water in both plethysmographs at 32° C the blood flow through the left 
hand was about 15 ml. and that through the right about 18 ml./100 ml./min 
(Fig. 1A). The temperature of the water in the left-hand plethysmograph was 
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raised to 44° C and the blood flow on this side increased rapidly to reach a 
fairly steady level (about 40 ml./100 ml./min), while the blood flow through 
the control hand remained substantially unaltered. Local heating of one hand 
for about 30 min therefore was not sufficient to cause a general release of 
vasomotor tone and this was confirmed in subsequent experiments. Twenty- 
five min after the start of local heating the subject’s legs were immersed to 
knee level in @ stirred water-bath at 44°C, and the rest of the body was 
wrapped in blankets to release sympathetic vasomotor tone. The rise in hand 
blood flow which followed was as great through the locally heated left hand as it 
was through the control hand immersed in water at 32° C. When the flows had 
reached a steady level, that through the left hand averaged 61 ml., while that 
through the right averaged 30 ml./100 ml./min. 

The experiment was repeated at a later date and was carried out in the same 
way except that the indirect heating was carried out with the subject seated 
in a bath (Fig. 1B). When the blood flow through the locally heated hand had 
reached a steady level, the bath was filled with water at 42° C up to the level 
of the subject’s xiphisternum. This caused the mouth temperature to rise from 
37-0 to 39-5° C in 25 min compared with 37-7° C in the previous experiment 
where the feet and legs only were immersed in water at 44°C. The mouth tem- 
perature was still rising rapidly at the end of the experiment so that a period 
of equilibrium was not attained. The blood flow through both hands rose more 
rapidly, continued to rise throughout the experiment and reached a higher 
level than before. However, in spite of the larger blood flow resulting from 
this more rapid and severe method of indirect heating the blood flow through 
the hand in water at 32° C at the end of the experiment showed no tendency to 
approach that in the locally heated hand, but ran parallel to it throughout. 

Experiments of this latter type ended after 21-28 min of immersion as the 
subject began to complain of faintness and palpitation about this time. 

The results of all eleven experiments carried out in the way described are 
shown in Tables 1 and 2. Fig. 2 shows typical plethysmographic records from 
which these blood flows were calculated. Fig. 3 shows the ratio of the differences 
in flow between the locally heated and the control hand before and after 
release of vasomotor tone. The ratio is evenly distributed about one, which 
suggests that the two stimuli have an additive effect on blood flow. 

In five of the subjects the order of application of the two types of heating 
was reversed. The feet and legs were immersed in water at 44° C before local 
heating was applied to one hand (Table 3). Fig. 4 shows results on two subjects. 
It can be seen that a combination of local heating and release of sympathetic 
tone caused the hand blood flow to rise to about twice that obtained by 
indirect heating alone. 
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Fig. 2. Plethysmographic records of hand blood flow made during experiments on subjects [.H. 
(top) and C.G. (bottom). Upper trace in each panel, left hand; lower trace, right hand. Time 
in sec. A, hands in plethysmograph at 32°C; B, left hand at 44° C, right hand at 32° C; 
C, during release of sympathetic vasomotor tone by immersion of the body in a bath at 42° C 
(I.H.) and by immersion of the feet and legs only in water at 44° C (C.G.). Left hand at 44° C; 
right hand at 32° C. 


DISCUSSION 


A combination of local heating of the hand with release of sympathetic vaso- 
motor tone by indirect heating causes a much greater hand blood flow than 
can be produced by either procedure applied separately. While most of the 
plethysmographic records offered no difficulty in interpretation some of them, 
especially in subjects with small hands and hence with less capacity to hold 
blood, were more difficult to quantitate with the same degree of accuracy. In 
all subjects tested, however, the rise in hand blood flow with a combination of 
the two procedures was much greater and often about double that obtained 
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Taste 1. Comparison of hand blood flow levels in ml./100 ml./min obtained by local heating, 
indirect heating (immersion of feet and legs in water at 44° () and a combination of both. The 
values during heating are the average of observations made in the last 5-10 min of heating 
when the flows had reached a steady state 


Combined 
local and 
fore Local Indirect indirect 
Subject heating heating heating heating 
C.G. 4-0 26-0 25-0 55-0 
L.H. 4-0 23-0 15-0 34-0 
G.L. 6-0 410 36-0 59-0 
G.M. 15-0 37-0 32-0 51-0 
LR. 16-0 42-0 31-0 61-0 
S.R. 10-0 33-0 30-0 41-0 
Average 9-0 34-0 28-0 50-0 


TasLe 2. Comparison of hand blood flow levels in ml./100 ml./min obtained by local heating, 
indirect heating (immersion of body in bath at 42-43° C) and a combination of both. A 
period of equilibrium was not attained with this method of indirect heating, so that the figures 
shown represent average values obtained during the last 5 min of heating, when the flows 
were still rising slowly 


Combined 
local and 
Before Local Indirect indirect 
Subject heating heating heating heating 
C.G. 9-0 31-0 37-0 48-0 
1. H. 5-0 240 20-0 41-0 
G.L. 4-0 24-0 44-0 63-0 
LR. 5-0 31-0 45-0 68-0 
8.R. 70 21-0 46-0 60-0 
Average 6-0 26-0 38-0 56-0 
i i 
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Fig. 3. The left panel shows a diagrammatic representation of a typical result. The differences 
between the blood flow through the locally heated hand and the hand at 32° C before (A) and 
a‘ter (B) release of vasomotor tone by indirect heating have been expressed as a ratio A : B. 
The ratios from all experiments of this type have been plotted in the right-hand panel. Black 
dots represent results from experiments where vasomotor tone was released by immersion of 
the feet and legs in water at 44° C. Circles represent results from experiments where the body 
was immersed. 


q 
. 
D 
d 


662 I. C. RODDIE AND J. T. SHEPHERD 


with either procedure alone. This finding was independent of the order in 
which the two procedures was carried out, and was independent of whether 
the general body heating was carried out by immersion of the legs only or the 
whole of the lower part of the body. Pickering (1936) found that the maximum 
heat elimination from the hand in response to warming the body was un- 
changed when the ulnar nerve was anaesthetized. Arnott & Macfie (1948) 
found that the blood flow through the little finger did not change when the 
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Minutes Minutes 
Fig. 4. Changes in hand blood flow during local and indirect heating. Right-hand (© ) plethysmo- 


graph at 32° C throughout experiment. Left-hand (@) plethysmograph temperature raised 
from 32 to 44° C at 46 min (I.R.) and at 74 min (I.H.). At time 0 min the subject’s legs were 


immersed to knee level in water at 44° C in order to release sympathetic vasomotor tone. . 


TasLe 3. Comparison of hand blood flow levels in ml./100 ml./min obtained by indirect heating 
(immersion of feet and legs in water at 44° C) and combined local and indirect heating. In 
these experiments sympathetic vasomotor tone was released by the indirect heating before 
local heat was applied to one hand 


Combined 
local and 
Indirect indirect 
Subject heating heating heating 
C.G 2-5 28-0 38-0 
LH 3-3 18-0 33-0 
G.L. 7-0 37-0 56-0 
LR 17-0 28-0 43-0 
S.R. 6-5 32-0 36-0 
Average 7-0 29-0 41-0 


ulnar nerve was blocked during indirect heating of the subject. Gaskell (1956) 
blocked the nerves to the forearm at a time when the hand blood flow was at a 
maximum during indirect heating and found that the flow remained substan- 
tially unchanged. These results suggest that indirect heating can cause com- 
plete release of sympathetic vasomotor tone to the hand blood vessels, and it 
is likely that this was achieved in the present experiments, especially those in 
which the subject was immersed in the bath. 
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As direct and indirect heating do not cause any important increase in 
arterial blood pressure the increase in hand blood flow produced by these 
procedures must be due to dilatation of the local peripheral resistance vessels. 
If direct and indirect heating produce these effects on the same vessels it 
would appear that neither procedure by itself can produce a full vasodilatation. 
It may be, however, that local heat and release of vasomotor tone by indirect 
heating affect different vessels in the hand: but the present experiments 
provide no evidence to differentiate between these possibilities. 


SUMMARY 


1. The blood flow through both hands of each of six normal subjects was 
measured by venous occlusion plethysmography. 

2. When the temperature of the water in one plethysmograph was raised 
from 32 to 44° C, the blood flow through that hand rose to an average value of 
33 ml./100 ml./min, while the flow through the opposite hand kept at 32° C 
remained substantially unchanged. On now releasing vasomotor tone by 
immersion of the feet and legs in water at 44° C, the flow through the locally 
heated hand averaged 50 ml., while that through the other hand averaged 
28 ml./100 ml./min. 

3. When vasomotor tone was released by immersion of the body in a bath 
at 42-43° C a period of equilibrium was not obtained, but the flow through the 
locally heated hand remained at a higher level throughout. At the end of the 
experiment the flow through this hand averaged 56 ml., compared with 38 ml./ 
100 ml./min through the hand in water at 32°C. A similar final result was 
obtained when the order was reversed and vasomotor tone was released before 
local heating was applied. 

4. It is concluded that the hand blood flow is raised to much higher levels 
by a combination of local heating and release of sympathetic vasomotor tone 
than by either procedure separately. 


We wish to thank the medical students and colleagues who acted as subjects. 
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A NOTE ON ELECTRIC RECORDING FROM 
MYONEURAL JUNCTIONS 


By B. KATZ 
From the Department of Biophysics, University College London 


(Received 22 September 1955) 


It has been shown by several authors (Fatt & Katz, 1951; Nastuk, 1953; 
Castillo & Katz, 1954) that the action potential at the myoneural junction, 
recorded with an intracellular electrode from a muscle fibre of the frog, differs 
in certain respects from the action potential of the same fibre elicited by direct 
stimulation. In particular, the amplitude of the ‘neurogenic’ spike is lower, 
and its falling phase has a complex ‘dip’ and ‘hump’ not seen with the 
directly initiated action potential. In recent papers Easton (1954, 1955 a, b) 
has claimed that the characteristic features described by Nastuk and Fatt & 
Katz were distortions due to extracellular fields produced by activity of 
adjacent fibres. The possibility of such artifacts has been examined by most 
workers who have used the intracellular recording technique, and the papers 
by Nastuk (1953) and Fatt & Katz (1951) are no exception. In view of the 
fact that Easton (1954, 1955a, 6), as well as one of his reviewers (Crescitelli, 
1955), have ignored the relevant evidence on this point, it is briefly summarized 
here in relation to Easton’s contrary claims. 

The size of the extracellular p.d. was measured by Fatt & Katz (1951, 
p. 324) and found to vary between less than 1%, and 5%, of the internal 
action potential. Nastuk (1953, p. 254) found that the external p.d., during 
the peak of the internal action potential, averaged 2 mV at the end-plate, and 
1 mV off the end-plate. These authors concluded that, in their own experi- 
ments, the extracellular field was unimportant and no correction was required 
in interpreting the internal action potentials. By contrast, the observed 
differences between the ‘neurogenic’ (N) and ‘myogenic’ (M) action potentials 
were large and consistent, provided that the potentials were recorded at the 
centre of a myoneural junction and that the safety-factor of transmission 
(i.e. the rate of rise of the end-plate potential) was high (Fatt & Katz, 1951, 
pp. 340, 345; Nastuk, 1953 and unpublished experiments). 

Under these conditions, the peak amplitudes of N and M spikes differed, on 
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the average, by 13-15 mV, but the largest difference between the two 
responses occurred early during their falling phase, when it amounted to 
20-30 mV (Fatt & Katz, 1951, fig. 25; Castillo & Katz, 1954, figs. 1, 3). There 
seems no possible way of explaining this by an extracellular artifact, for this is 
of a smaller order of magnitude and also of variable, and generally not the 
required, time relation. 


It should be noted that these results were unchanged when a nerve impulse was ‘superimposed’ 
during the peak of a directly excited muscle spike; the release of the transmitter at that moment 
caused a ‘dip’ of 20-30 mV in the spike potential (Castillo & Katz, 1954) followed by the usual 
‘hump’ even though at least the large fibres of the muscle had been made refractory by the 
preceding direct stimulus and so could not contribute to any further, internal or external, spike 
activity. 

The characteristic features of the N-spike (reduced peak—dip and hump) 
are observed only when the transmitter action is intense and the e.p.p. rises 
rapidly to the threshold. Impairment of transmission, e.g. by local injury or 
partial curarization (Nastuk, unpublished observations) leads to a delayed 
spike which does not differ significantly from the ordinary M-potential (see 
Fatt & Katz, 1951, fig. 16D). This may also explain Easton’s (1955b) 
reported inability to observe the distinctive features of the N-spike after 
muscle fibres had been isolated by dissection. 

Although there seems to be no doubt that the extracellular p.d. in the 
experiments of Nastuk and Fatt & Katz was small and usually negligible, the 
precise magnitude of the distortion which it produces is more difficult to 
determine. It could be argued, for instance, that in withdrawing the recording 
electrode from the interior to the surface of the fbre, it is moved too far away, 
and the resulting external p.d. is smaller than the actual distortion of the 
internal record. Conversely, it may be argued that by pressing the external 
micro-electrode against the fibre surface, indentation and a high extracellular 
resistance may be created locally, which may result in an excessive external 
p.d. around the indented active fibre. 

It is possible to overcome such residual minor uncertainties in the following 
way. Two micro-electrodes are inserted into the end-plate region of a fibre, 
one to record the internal potential, the other to produce, at will, a selective 
polarization block of the impaled fibre. In this way, Easton’s hypothesis can 
be subjected to a direct test without either moving the micro-electrode or 
interfering with the activity of adjacent fibres. 


The method does not, of course, reveal the external field produced by the impaled fibre itself. 

The current which is needed to produce anelectrotonic block in the impaled fibre is a fraction of 
a microampere. The usual method of inserting the polarizing electrode into the fibre is to introduce 
the recording electrode first, then approach the fibre with the current-delivering electrode until 
suddenly, at the moment of penetration, an electrotonic potential appears. This routine observa- 
tion shows that no measurable extracellular effect can be ascribed to the polarizing current, and 
that the blockage must be selective strictly for the impaled fibre. 
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An experiment of this kind was made by Fatt & Katz (1951, fig. 28), whose 
relevant figure is reproduced below. In record b, the N-spike is recorded 
showing the typical ‘step’, ‘dip’ and ‘hump’. In c, the membrane potential 
of this fibre has been raised to a point from which the e.p.p. no longer reaches 
the spike threshold (though a late spike is seen, conducted from a remote end- 
plate on the same fibre). We obtain a smooth end-plate potential without a 
trace of the ‘dip’ and ‘hump’ previously recorded. On Easton’s hypothesis 
the ‘dip’ and ‘hump’ should still be there, and at the same interval as before, 
for the activity of the adjacent fibres which is claimed to produce these 
features has not been interfered with. It would seem that this record effectively 
disposes of Easton’s claim, for it shows that the characteristic features of the 
N-spike are in no way related to the electric activity of other fibres. 


Fig. 1. (From Fatt & Katz, 1961, fig. 280.) Inteaceluiar recording from the junctional region of 
a frog muscle fibre. a, line of zero p.d.; 6, normal resting potential and end-plate response to 
a nerve impulse (showing end-plate ‘step, dip and hump’); c, the membrane p.d. has been 
increased with an intracellular polarizing electrode, and a selective myoneural block estab- 
lished at this junction. Voltage scale, 50 mV; time marks, msec. 


There remains the somewhat unrewarding task of examining the experi- 
mental basis for Easton’s contrary view. He describes external p.d.’s which 
varied between 1 and 9 mV (initial negative deflexion; 1-13 mV triphasic 
peak-to-peak amplitude). These values are somewhat larger than those 
previously reported, but they are of little use in explaining the difference 
between M and N spikes (e.g. Castillo & Katz, 1954, Fig. 1) which is three 
times greater than Easton’s largest external potential. Moreover, this 
M-N difference has been observed when the corresponding external deflex- 
ions were no more than 1-2 mV, and their difference, during M and added 
N stimulation, immeasurably small. 

Easton then publishes a variety of records and tracings, many of them from 
deteriorating fibres, which seem to have little relevance to the point in 
question. His drawings in fig. 6, however, purport to prove his point by 
showing a diversity of severe extracellular distortions obtained by adding the 
external p.d. from the whole muscle to the internal spike of a selectively 
stimulated fibre. The distortion in these tracings is much greater than that 
observed by Fatt & Katz and Nastuk, and it seems doubtful whether they are 
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typical results. No voltage calibration is given in Easton’s fig. 6, but closer 
examination suggests that the results may have been obtained by adding 
exceptionally large external p.d.’s to exceptionally small internal spikes. This 
is indicated by the low ratio of membrane spike/external negative deflexion, 
which is about 9:1 in fig. 6A, 1 and 2. Suppose the author has selected his 
largest external potential (9 mV negativity) for this figure, then the internal 
spike amplitude was only 81 mV; if he took one of his average external p.d.’s, 
the spike would have been less than 50mV. Clearly, by mixing a given 
external p.d. with a sufficiently poor internal spike, there is no limit to the 
‘distortion’ which may be obtained, nor is it surprising that the results of such 
an arbitrary analysis disagree with the experimental findings of others. 
Whatever the ultimate explanation of Easton’s tracings, they hardly provide 
a basis for the claim that the results of other workers must have been equally 
distorted. 

Finally, Easton presents a theory in an attempt to explain why extra- 
cellular field artifacts should be larger at the myoneural junction than else- 
where along the fibre. This theory is unintelligible to the writer, except for 
certain parts which seem to be in conflict with Ohm’s law. Thus, on p. 384, 
Easton claims that a lowering of membrane resistance during activity of the 
impaled fibre would increase the recorded extracellular field produced by 
adjacent fibres. 

In a recent review (Crescitelli, 1955), an advance notice was given to 
Easton’s paper, and it was stated that ‘if Easton’s analysis is correct, some of 
the existing interpretations of the complex records from the junctional region 
of a muscle will have to be revised or withdrawn’. It would seem to the present 
writer that no such withdrawal or revision is needed, but that Easton’s claims 
are contrary to the available evidence and his conclusions therefore un- 
acceptable. 
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THE EFFECT UPON BROMSULPHALEIN EXTRACTION OF 
THE RATE AND DISTRIBUTION OF BLOOD FLOW IN THE 
PERFUSED CANINE LIVER 


By W. H. HORNER ANDREWS,* B. G. MAEGRAITH anp 
T. G. RICHARDS 


From the Liverpool School of Tropical Medicine, and the Department 
of Physiology and Histology, the University of Liverpool 


(Received 30 September 1955) 


The capacity of the liver to remove bromsulphalein (BSP) from the circula- 
tion is included among clinical tests for liver function. By using the Fick 
principle it may be employed to measure effective hepatic blood flow (E.H.B.F.). 

The value of BSP elimination as a clinical test for liver function may be said, 
in general, to have been disappointing. For example, Flynn & Walshe (1951) 
state that resection of 16% of the liver substance in man produces no significant 
alteration in the BSP clearance, nor does it alter many other tests of liver 
function. Fredericks & Hoffbauer (1945) found that in eleven subjects re- 
ceiving malarial therapy, BSP retention occurred in eight; Felder, Mund & 
Parker (1950) observed that in 135 cases of ‘chronic protracted congestive 
heart failure’ BSP clearance was ‘normal in 85° of the determinations’, and 
Jolliffe (1930) found no constant relation between the clinical state of patients 
in heart failure and the BSP clearance. 

There is general agreement that the BSP arterio-venous differences across 
the liver will, when combined with a knowledge of the quantities eliminated, 
furnish a value for £.4.B.¥. Selkurt (1954) reported that, in the dog, £.H.B.F. 
_ and directly measured total liver blood flow had an average ratio which was 
very nearly unity. The present experiments were made in order to examine the 
relation of the portal venous and hepatic arterial blood flow to BSP extraction, 
the effect upon extraction of vaso-active substances, and the consequences of 
alteration of total blood flow along either inflow route. 


METHODS 


Apparatus, The apparatus employed and the operative procedure have been described previously 
(Andrews, 1958; Andrews, Hecker, Maegraith & Ritchie, 1955). Arterial pressure was recorded by 
means of a mercury manometer, and hepatic venous outflow by a modified Gaddum outflow 
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recorder (Andrews, 1952), The perfusing fluid was heparinized blood obtained from the dog at the 
time of operation; dilution with Ringer-Locke solution was sometimes necessary to provide « 
sufficient working volume. The composition of this fluid was: NaCl, 0-85 g; KCl, 0-042 g; CaC'l,, 
0-025 g; NaHOO,, 0-02 g; distilled water to 100 ml. 

Operative technique. The operative procedure was designed to minimize possible hepatic anoxia, 
and at no moment was the liver deprived of an oxygenated blood supply. After cannulating the 
trachea a mid-line incision was made from manubrium to pubis, and the respiration was con- 
tinued by a respiratory pump, oxygen being supplied. The thorax was opened in the mid-line and 
the ribs were retracted laterally. A cannula was placed in the thoracic inferior vena cava, and 
blood drained into the outflow reservoir, from where it was pumped to the oxygenator and the 
portal and arterial inflows. Immediately afterwards the superior mesenteric artery was clamped 
and the portal vein cannulated, the liver being supplied with oxygenated blood. The hepatic 
artery was now cannulated and branches other than those to the liver ligated. When sufficient 
blood was present in the reservoir the inferior vena cava was clamped just below the liver. 

BSP (3 mg/kg) was added to the venous reservoir, and subsequently, at predetermined time 
intervals, samples of blood from the inflow and the outflow were taken simultaneously. BSP 
determinations were made by the method of Gaebler (1945). In these experiments the blood which 
perfused the portal system of vessels had the same oxygen tension as the arterial blood. 
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Vig. 1. The separate perfusion of the hepatic artery and the portal vein. Plasma BSP concen- 
tration is plotted on a logarithmic scale in this and all subsequent text-figures. 


RESULTS 


The results indicate that perfusion through the arterial channel alone results 
in a 50% extraction of BSP against 20%, extraction for the portal route alone. 
Thus, the ratio of the respective clearances was 2-5 :1-0, since flow rates were 
the same for each channel. 

Fig. 1 shows the relation of the concentration of BSP in the plasma of the 
outflowing blood to that of the inflowing when the perfusion is by the portal 
vein alone and also when by the hepatic artery alone. Separate perfusion 
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shows that when perfusion is maintained at the same flow rate, the venous 
concentration of BSP is approximately one-half the arterial concentration 
when the hepatic artery only is perfused, and four-fifths of the inflow concentra- 
tion when the portal vein only is perfused. 

The experimental data are conveniently shown by plotting log plasma BSP 
concentration against time. In stable preparations the time-concentration 
graphs of both inflow and outflow were found to be linear. Simultaneous in- 
flow and outflow concentrations were separated to an extent which was deter- 
mined by the extraction ratio of BSP. This ratio may be expressed as (J — V/J), 
where V and J are the hepatic venous and the inflowing concentrations re- 
spectively. The slope of the time-concentration graphs is determined by the 
extraction ratio and also by the blood-flow rate (F), that is, it varies as 
F(I-—V/I). It is, therefore, a measure of the clearance of BSP. Perfusion of 
the liver through both channels simultaneously showed an extraction ratio — 
approximately equal to that of the artery alone. 


The action of drugs 

Adrenaline. Fig. 2 shows the effect of adrenaline administration at a rate of 
3-0ug/min upon BSP extraction. The successive determinations are shown 
from the same preparation. Total blood flow rate in the first determination was 
270 ml./min and in the second was not materially or consistently different. 
In certain of these experiments BSP extraction has been zero for some 
minutes after intra-arterial adrenaline administration with less than 5% 
change in total flow rate. 

Since there was little alteration in the total flow rate, the extremely low rate 
of BSP extraction implies either that there was a diversion of blood from the 
site of removal, or that adrenaline in this dosage affects specifically the 
capacity of the liver to remove BSP. An invariable finding after intra-arterial 
adrenaline administration was the interval of time, some 2-3 min, which 
elapsed before the change in extraction rate became apparent. This interval 
is shown in both Figs. 2 and 3. 

Noradrenaline. The administration of noradrenaline (lug/min) by the 
portal route caused a small reduction in extraction rate, and the intra-arterial 
administration of the same dose of noradrenaline was followed by a marked 
reduction in the elimination of BSP. The blood flow remained virtually un- 
changed. This course of events is shown in Fig. 3. 

Acetylcholine administered intra-arterially (20 g/min) produced an increase 
in BSP elimination. With this dosage there was little change in total flow rate 
(less than 3%). 
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Fig. 2. BSP outflow concentration following the administration of adrenaline by the arterial and 
portal routes simultaneously. At 5 min adrenaline administration (3 g/min) started, and 
ceased at 13 min. 

Fig. 3. Time-concentration graph following the administration of noradrenaline (1-0 ug/min) 
separately into the hepatic artery and the portal vem. Zero to 6 min; before administration ; 
6-12 min; noradrenaline by the portal route; 12-18 min; noradrenaline intra-arterially. 
Mean blood flow rates in these three periods were 169, 174 and 175 ml./min respectively. 


The effect of changes in flow rate 

In these experiments, inflow rates along the two routes were altered by 
either (a) change of arterial inflow by raising arterial pressure, while main- 
taining portal pressure at a constant level, (b) change of arterial pressure in the 
same manner, without regulation of portal pressure, or (c) change of portal 
inflow, with a constant arterial perfusion pressure. The results of procedures 
(a) and (6) are qualitatively similar and may be described together. 

(a) Alteration of arterial inflow rate. BSP extraction was found to vary as a 
function of total flow rate. However, there was some evidence that the changes 
_ In BSP extraction are not in proportion to the changes in total flow produced. 
Fig. 4 shows a time-concentration graph in such conditions. If the control 
rate of total flow and of BSP extraction be considered as unity, then total 
flow rates in this example were in the ratios 1-00:1-34:0-63, whereas BSP 
clearances were 1-00; 1-75:0-60. 

In one preparation arterial inflow was increased until total flow was 30% 
higher than control. During this period oxygen usage fell from the control 
value of 15-0 ml./min to 7-8 ml./min. This was also the only case in which an 
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increase in total flow from the arterial route was associated with a notable 
reduction in BSP extraction. 

(b) Alteration of portal venous flow rate. An alteration of portal pressure 
which gave a reduction of 35% in total outflow produced a 12°% reduction in 
the rate of removal of BSP. An increase in portal pressure causing an increase 
in total outflow up to 50% gave evidence that total BSP extraction was 
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Fig. 4. The change in BSP extraction following the alteration of arterial inflow rate. 0-4 min; 
flow rate = 157 ml./min. 4-8 min; flow rate=215 ml./min. 8-12 min; flow rate = 100 ml/min. 


DISCUSSION 


The experimental results reported above point to the importance of the 
hepatic arterial supply in the removal of BSP from the blood, and to the 
possibility that the arterial circulation may be the primary source of such 
extraction. If it be accepted that approximately 30% of the normal total 
flow is of arterial origin, this would indicate a very rapid rate of transference. 
Moreover, if the site of removal be the hepatic cells themselves, the findings 
suggest that arterial and portal circulation have a greater intra-lobular inde- 
pendence than is, perhaps, generally accepted. Popper, Jefferson & Necheles 
(1954) have suggested that the hepatic artery normally provides the essential 
oxygen supplies to the liver in the dog. It is unlikely, however, that anoxia 
would satisfactorily explain the consequences of changing arterial flow rates 
in these experiments, since the blood perfused through the artery and the 
portal vein had the same initial oxygen tension. Indeed, if the terminations 
of the hepatic artery unite with the sinusoids at the periphery of the lobule, it is 
difficult on these grounds to see why the consequences of a given alteration in 
inflow rate should differ so markedly with the source of the alteration. 

It is possible that the minute terminations of the hepatic artery have a 
relatively long intra-lobular course. Elias (1949) describes minute arterial 
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vessels of capillary size and structure, which are stated to join the sinusoids at 
the central one-third of their intra-lobular course. The small vessels described 
by Elias do not appear to be numerous and run in proximity to the small intra- 
lobular bile canaliculi. These vessels are not described by other workers, and 
the more generally accepted view is that the major junction between the 
terminations of the arterial and portal systems takes place at the periphery of 
the lobule (Olds & Stafford, 1930). 

BSP is concentrated in the process of removal. That is, it is removed pre- 
ferentially with respect to water. Shore & Zilversmit (1954) have shown that 
injection of indian ink into a femoral vein from where it is carried to both 
hepatic artery and portal vein, markedly reduces BSP extraction, and is 
followed by an outflow concentration of BSP which is greater than inflow con- 
centration. This finding may suggest the establishment of a diffusion equili- 
brium where hitherto a concentration gradient was maintained. The substance 
in indian ink which abolishes this function of the liver seems also to produce a 
general delay in the removal of injected bilirubin, although this is not apparent 
in the first 5 min (Dragstedt & Mills, 1937). 

Brauer & Pessotti (1949) have reported that liver slices prepared from rats 
which had received indian ink injections showed no change in the rate of BSP 
uptake from Krebs’s solution. The presence of bovine plasma albumen in the 
solution retards BSP uptake, but there was again no significant difference 
between control and treated slices in these conditions. These authors also 
report that liver slices in an atmosphere free from O, take up BSP as rapidly 
as controls, and that poisons (CN-, Hg*+ and F-) fail to reduce dye uptake. 
It is perhaps hazardous to make too direct a comparison between the per- 
fusions of rat livers described by Brauer & Pessotti, and the results for canine 
liver reported here. Nevertheless since the rat liver perfusions were all made 
via the portal route after occlusion of the hepatic artery, it is interesting to 
note three of the reported observations, viz. (1) BSP uptake by the perfused 
liver remained constant for 45-60 min, and was independent of flow rate; 
(2) with 5 g/100 ml. bovine plasma albumen present in the perfusate, 85°, of 
the BSP present in the perfusate remained after 10 min; (3) it is stated that, 
in rats pre-treated with CCl,, or with indian ink, uptake of BSP fell within 
the normal range seen previously. 

In the present experiments it has been observed that a congested liver with 
engorged sinusoids, a rising portal pressure and a reduced portal flow rate, has 
shown BSP extractions which were, in the presence of normal arterial flow rate, 
as great as the control values. : 

It is possible that the cells of the small bile ducts in the portal canal play an 
active part in BSP removal from the plasma. These ducts, thin-walled and 
lined with cuboidal epithelium, are very richly supplied by the hepatic artery. 
Their functions are not well understood, but their intimate pre-sinusoidal 
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association with the branches of the hepatic artery seems to suggest a possible 
explanation for the results reported above. 

Hamrick & Myers (1955) have shown that, after moderate but sudden 
haemorrhage, splanchnic O, usage remains at the control value and liver blood 
flow is reduced. BSP was removed in the same quantity per minute after 
these haemorrhages, but a higher blood level of BSP was required to do this. 
The proportional extraction of BSP present in arterial blood was therefore 
also reduced. The data given by these authors suggest that the capacity of the 
liver to remove BSP is unimpaired. It may well be, however, that the normal 
distribution of total inflow between artery and portal vein was altered in these 
conditions. 

Heineman, Smythe & Marks (1952) found that sudden haemorrhage in 
anaesthetized dogs raised intra-hepatic vascular resistance and reduced 
E.H.B.F.; there was an increase in the arterial-hepatic vein O, difference, 
and an ‘increase in BSP extraction’. If these authors mean an increase in 
extraction rate, then their findings agree with those of Hamrick & Myers 
who reported an unchanged extraction per minute with a rise in arterial 
BSP concentration. 

The results of the present experiments do not in any way invalidate the use 
of the Fick principle in the estimation of £.H.B.¥., which has been examined by 
many workers (Casselman & Rappaport, 1954; Pratt, Burdick & Holmes, 
1952; Werner, MacCanon & Horvath, 1952). They demonstrate rather, that 
the arterio-venous difference is a function of the distribution of liver flow 
between the arterial and portal routes. This has an obvious bearing upon 
clinical tests in which the rate of disappearance of BSP from the peripheral 
blood is the observed characteristic. 

It would appear from the present experiments that the rate of removal 
following a single administration of BSP is determined very largely, if not 
entirely, by (a) the adequacy of the arterial flow to the liver, and (6) the 
‘ability’ of certain liver cells to remove the dye. The results suggest that the 
decremental time-concentration curve may fail conspicuously to show notable 
changes in portal inflow rate, so long as arterial flow remains unaffected. 

The apparently intimate relation between the arterial liver circulation and 
the greater part of BSP extraction inevitably raises the problems of terminal 
arterial distribution within the liver and the site of removal of this substance. 
It remains to be determined whether livers perfused by the natural circulation 
show the same differences in BSP extraction which have been observed in the 
experimental conditions described above. 
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SUMMARY 
A preparation is described in which the canine liver is perfused with oxygenated 
blood through both the arterial and portal inflow routes. The preparation has 
been used to observe some of the conditions which affect the liver uptake of 
BSP from the blood. 

The experimental findings show the following: 

(a) In stable conditions the liver removes a constant proportion of the BSP 
which is presented to it. 

(b) When flow rates and oxygen tensions are the same, BSP extraction from 
the hepatic arterial inflow is 2-0-2-5 times as great as extraction from the 
portal inflow. 

(c) The presence of noradrenaline or adrenaline in the arterial inflow 
markedly reduces BSP extraction, with virtually no change in flow rate in these 
conditions. 

(d) Noradrenaline produces a small reduction in extraction when given 
through the portal route. 

(e) An increase in the arterial volume flow rate produces an increase in 
BSP extraction which was proportionately greater than the increase in flow 
rate. 

The results are discussed in relation to observations already published. It is 
suggested that in this preparation the greater part of the total BSP extraction 
from the blood takes place from the arterial inflow, and that the small terminal 
bile channels of the portal tract may play an active part in the extraction. 


The work of two of us (W. H. H. A. and B. G. M.) was carried out with the aid of a grant from 
the John Holt Malaria Research Fund. 
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THE EFFECT ON THE ISOLATED RABBIT HEART OF 
VAGAL STIMULATION AND ITS MODIFICATION BY 
COCAINE, HEXAMETHONIUM AND OUABAIN 


By L. M. McEWEN 
From the Department of Pharmacology, University of Oxford 
(Received 17 October 1955) 


The experiments to be described have been concerned with the effect of vagus 
stimulation in the isolated heart and auricles of the rabbit. In the vagus-heart 
experiments the action of cocaine, of hexamethonium and of the cardiac 
glycoside ouabain was studied. 

As recently as 1953, Obrink & Essex state that ‘it has become a widely 
accepted fact that stimulation of the vagi does not influence an isolated heart 
after 20-30 min. The reason for the transient response is not known.’ Not 
many attempts to study this question have been found in the literature. 
Effects of vagal stimulation on perfused isolated heart preparations have been 
described by a number of workers (Cullis & Tribe, 1913; Middleton, 1947; 
Perry and Talesnik, 1953; Perry & Reinert, 1954), but of these only Middleton 
made a statement concerning the length of time his preparations worked satis- 
factorily. He perfused the cat’s heart and found that vagal effects were 
obtained for 6 hr provided the heart remained im situ, but when the heart was 
isolated, vagal effects were not obtained after 10-30 min. Using the method 
now to be described it was possible to make observations for periods up to 9 hr. 


METHODS 


Rabbits were anaesthetized with urethane. The vagi were cut in the neck and dissected free from 
the surrounding tissue to the level of the aortic arch. The thoracic contents were excised and the 
cardiac ends of the vagi and the heart were cleared of as much tissue as possible, but leaving the 
root of the lungs and a short piece of trachea still adhering to the auricles. In this way the finer 
cardiac branches of the vagi were undisturbed. Finally, the aorta was cannulated, and the heart 
perfused by the usual Langendorff method. The preparation behaved satisfactorily provided that 
the final cleaning took no longer than 20 min. . 

To prevent drugs from affecting the nerves, the perfusion fluid for the heart and the fluid 
bathing the stimulating electrodes were supplied by separate systems. These both included large 
chambers for saturating the solutions with the gas mixture. Having been warmed to a tempera- 
ture of 35° C, fluid reached the heart with a pressure of 40 cm of water. The fluid supplied to the 
electrodes was heated by part of the water jacket which surrounded the heart. The flow of fluid 
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past the nerves was controlled by a tap and could be observed in a drop-chamber. The apex of 
the ventricles was attached by a thread to an isotonic lever writing on a smoked drum. 

The heart was perfused with a solution of the following composition: NaCl 7-6 g, KCl 0-42 g, 
CaCl, 0-24 g, NaH,PO, 0-143 g, NaHCO, 2-1 g, dextrose 2-0 g, sucrose 4-5g, distilled water 1000 ml. 
The addition of sucrose to the solution increased the useful life of the preparation. The solution 
was saturated with oxygen containing 5% carbon dioxide, and the pH when fully saturated was 
7:3. The parts of the nerves near the stimulating electrodes were bathed by Krebs’s solution, since 
it was observed that @ more constant response was obtained in this way. 

Stimulation. The vagi were threaded through a Perspex tunnel 1-5 mm in diameter through 
which warm oxygenated Krebs’s solution was passed. The stimulating electrodes were platinum 
rings in the wall of the tunnel 2-5 mm apart (see Fig. 1). 

In the experiments on ouabain it was desired to use both maximal and submaximal stimulation 
of the nerves. Two pairs of electrodes were used. The lower pair supplied square pulses of 
0-2 msec duration and supra-maximal current strength at a frequency of 7/sec. The upper pair of 
electrodes supplied submaximal stimulation. It was found, however, that with ordinary sub- 
maximal currents the effects were not constant. A portion of the nerves between the upper and 
lower pairs of electrodes was therefore damaged by repeatedly stabbing with the point of a pin. 
This was continued until the slowing of the heart rate by stimulation through the upper pair of 
electrodes was reduced to about half, After an interval of 30 min to ensure that no further change 
was occurring at the point of injury, the experiments were begun using stimuli at the upper pair 
of electrodes similar to those applied at the lower pair but at a frequency of 23 per sec. 

Isolated auricles. The heart and the vagi were removed from the animal and prepared in the 
usual way. Finally, the ventricles were cut away, and the auricles and nerves mounted on a 
special holder which incorporated the electrodes (Fig. 2). The auricles were then placed in a 50 ml. 
bath containing the same solution as that used for perfusion of the Langendorff heart, to which 
penicillin and streptomycin were added at concentrations of 10 mg/100 ml. The temperature was 
29° C. Oxygen with 5% carbon dioxide was supplied through a sintered glass tube. The nerves 
were threaded through a Perspex tunnel in which the stimulating electrodes were mounted. Since 
a fresh supply of the solution, oxygenated and warmed, flowed slowly down the tunnel, it was 
impossible for drugs placed in the bath to affect the nerves at the point of stimulation. 


RESULTS 
Experiments on the isolated heart 


The effects of stimulation of the vagi were uniform over periods of 2-3 hr. 
When maximal stimuli were applied to the nerves, a frequency of 2 impulses/sec 
was sufficient to slow the heart slightly. 20 impulses/sec usually stopped the 
beat for about 10 sec, after which occasional beats would occur. No increase 
in effect was produced if the frequency of stimulation was increased beyond 
30 impulses/sec. 

At the end of stimulation the heart rate and amplitude often increased as 
shown in Fig. 3. This effect was greater in some hearts than in others, and it 
tended to disappear after the heart had been perfused for a few hours. 
Acceleration of the heart was not seen before the end of stimulation. 

Cocaine. When cocaine was added to the fluid perfusing the heart in a 
concentration suéhas 5 x 10-* g/ml. of the hydrochloride, the phase of accelera- 
tion which followed stimulation was increased: and in hearts in which no 
acceleration was previously seen, cocaine caused the acceleration to appear, 
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Fig. 1. The stimulating electrodes. The nerves were secured by threads attached to their cut ends. 
They were damaged by the pin mounted in its holder. Maximal stimuli applied to the upper 
pair of electrodes were conducted to the heart only by nerve fibres not damaged by the pin. 
All the nerve fibres were excited by the lower pair of electrodes. 


Fig. 2. Diagram of the holder for the isolated auricles and the stimulating electrodes. The nerves 
were secured in the tunnel # containing the electrodes by the threads attached to their 


cut ends. 


Fig. 3. Rabbit heart. Langendorff perfusion, Both vagi were stimulated by maximal 
impulses 20 times/sec for 10 sec as shown by white line. 
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as shown in Fig, 4. Larger concentrations of cocaine reduced both the 
inhibitory and stimulating effects of the vagi. When the concentration of 
cocaine blocked the effects of the nerves completely (e.g. 2 x 10-5 g/ml.), the 
hearts frequently developed abnormal rhythms, and the amplitude of beat was 
reduced. Vagal inhibition was usually restored within 25 min after perfusing 
without cocaine, but the phase of acceleration often remained potentiated for 
a long time. The effect of the injection of 2-4 ug acetylcholine (ACh) into the 
cannula, initially sufficient to slow the heart rate by 50% during a 10 sec 
count, was not abolished by cocaine in concentrations which abolished the 
effect of vagal stimulation. 


Fig. 4. Rabbit heart. Langendorff perfusion. Both vagi were stimulated with maximal stimuli 
20 times/sec for 10 sec as shown by white lines: (a) before, and (b) during, perfusion with 
3 ug/ml. cocaine. 


Hexamethonium. In the hearts in which vagal stimulation caused inhibition 
followed by acceleration, perfusion with hexamethonium (2 x 10~ g/ml.) 
abolished the inhibition within 10 min but not the acceleration, as shown in 
Fig. 5. This was observed ten times in six preparations. It was unaffected 
even if the concentration of hexamethonium in the perfusing fluid was increased 
tenfold, when any sympathetic ganglia in the heart were almost certainly 
blocked. The acceleration was still seen if the nerves were stimulated in a 
region which had been at the level of the larynx before the preparation was 
removed from the rabbit. The effect might, however, have been due to the 
stimulation of postganglionic sympathetic nerve fibres present in the parts of 
the vagi which originally lay high in the neck. 

Perry & Talesnik (1953) found that the inhibiting action of small doses of 
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ACh on the perfused cat’s heart was abolished by hexamethonium, and con- 
cluded that ACh acted not directly on the cardiac muscle but rather on the 
ganglia. A series of observations was therefore made in which the effect of 
hexamethonium on vagal stimulation and on the effect of ACh was studied. 


Fig. 5. Rabbit heart. Langendorff perfusion. Both vagi were stimulated with maximal impulses 
20 times/sec for 10 sec as indicated by the white lines: (a) before hexamethonium; (5) after 
perfusion with 0-2 mg/ml. hexamethonium for 15 min. 


The results are shown in Table 1. In five of the ten observations in Table 1, 
hexamethonium, although blocking vagal stimulation completely, reduced the 
action of ACh by less than 10%. In four of the observations hexamethonium 
diminished the action appreciably, but three of these observations were made 
in the same heart. Thus of the six hearts used, only in two did hexamethonium 
reduce the action of ACh significantly, and in no case did it abolish the action. 
This is illustrated in Fig. 6. Fig. 6a, 6 shows the abolition of vagal stimulation 
by hexamethonium, while Fig. 6c, d shows that the slowing caused by 2g 
ACh was not appreciably affected. During a 10 sec count the rate was reduced 
by 58% in the control period and by 56% in the presence of hexamethonium. 
The observation in Fig. 6c was made immediately after that in Fig. 6a, and 
that in Fig. 6d was made immediately after that in Fig. 60. 

Ouabain. Preliminary experiments showed that ouabain at a concentration 
of 0-2ug/ml. in the perfusing fluid usually had no effect on the heart, while 
a concentration of 0-3ug/ml. blocked the inhibitory action of the vagi, and 
produced a rapid and irregular heart rate within 45 min. Potentiation of the 
inhibitory action of the nerves was, howe ver, demonstrated when 0-25 ug/ml. 
of ouabain was perfused. In this concentration ouabain reduced the heart rate, 


and after a latent period of 10.min or more, increased the amplitude of beat, 
though sometimes these effects were small. 
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Tasue 1. Effect of hexamethonium (2 x 10~* g/ml.) on inhibition of heart rate produced 
by ACh at a time when inhibition by vagal stimulation was blocked 


Percentage rate reduced 

Dose of ACh In presence of 

Expt. (ug) Control hexamethonium 
1 3 64 18 
6 79 59 
9 79 46 
2 2 58 56 
1 45 35 
3 2 39 41 
8 96 88 
4 5 54 25 
5 7 82 90 
6 5 80 73 


Fig. 6. Rabbit heart.. Langendorff perfusion. Both vagi were stimulated at (a) and (b) with 
maximal stimuli 20 times/sec for 10 sec as indicated by the white lines. At (c) and (d) after 
injection of 2ug ACh; (6) and (d) were taken consecutively after 25 min perfusion with 
hexamethonium (2 x 10~* g/ml.). 


Table 2 shows the results of ten experiments with 0-25yg/ml. of ouabain. 
Observations were made in thirty-three preparations and positive results were 
obtained in almost all. As more experience was gained, increasing care was 
taken to establish that variations in the response to stimulation did not occur 
spontaneously, The results given in Table 2 were those of the last ten experi- 
ments in which the effect of both submaximal and of maximal stimulation 
were seen to be nearly constant during 50-60 min, not varying more than 
10% from the mean value. Only when the preparation was thus stabilized 
was the effect of perfusing ouabain examined. The figures in Table 2 for the 
control periods were mean figures calculated from ten observations. When 
ouabain was infused the effect of stimulating the vagus slowly increased, and 
the figures in the table show the highest values reached. When maximal 
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stimulation was used, potentiation was observed in six out of ten experiments, 
the mean change for all ten experiments being an increase of 19%. When sub- 
maximal stimulation was used vagal stimulation was potentiated in all experi- 
ments, the mean increase being 34%. The rate of increase was sometimes 


Tasie 2. Effect on vagal slowing of ouabain (0-25 ug/ml.) in the perfusion fluid. 
Figures are the percentage by which the rate was reduced. 


Maximal stimulation Submaximal stimulation 
Control In presence Control In ce 

Expt. period of ouabain Change period of ouabain Change 
7 46 51 +5 52 78 +26 
8 42 79 +37 39 100 +61 
i) 50 66 +16 40 68 +28 
10 - 45 81 +36 42 69 +27 
ll 34 68 +34 7 67 +60 
12 51 46 -5 36 44 +8 
13 48 65 +17 50 84 +34 
14 38 86 +48 35 74 - +39 
15 39 46 +7 5 46 +41 
16 42 40 -2 30 50 +20 
Mean +19 +34 


faster for submaximal than for maximal stimulation, so that in Expts. 9, 11 
and 14 the potentiation of submaximal stimulation was fully developed from 
10 to 20 min before that of maximal stimulation. Recovery from the effect of 
perfusion with 0-25 g/ml. ouabain usually took place within 30 min, but was 


incomplete; in addition, the heart never regained its original rate. The effect 
of ouabain is illustrated in Fig. 7. | 


Experiments on the isolated auricles 

The isolated auricles retained their responsiveness to vagal stimulation 
longer than the isolated hearts. Two preparations remained beating for 42 and 
48 hr, and at the end of these periods vagal stimulation was still effective 
(see Fig. 8a). When the auricular contractions became infrequent, vagal 
stimulation increased the rate and amplitude (Fig. 8b, c). When the auricles 
stopped beating it was possible to excite them by stimulating the vagi 
(Fig. 8d). The auricles were restarted by the addition of acetylcholine to the 


bath in a concentration of 40yg/ml., after which the vagi again exerted an 
inhibitory effect (Fig. 8¢). 


DISCUSSION 


Whereas it has been commonly believed that the vagal fibres remain active on 
the isolated heart for short periods only, it has now been found possible to 
maintain a preparation for 6-9 hr by using the method described. When the 
auricles have been dissected from the rest of the cardiac tissue, but leaving 
the vagi intact, preparations have lasted for 2 days. 
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The effect of vagal stimulation on the heart was often twofold; the heart 
was inhibited during the application of the stimulus, and subsequently 
accelerated. When acceleration did not occur it was brought out by perfusing 
the heart with cocaine. The phase of acceleration was not affected by perfusing 
with hexamethonium, which abolished the phase of inhibition. The occurrence 
of acceleration as part of the effect of vagal stimulation has been observed 
previously by several workers. Dale, Laidlaw & Symons (1910) found that 


i i i i ; d (c) with 
Fiy. 7. Rabbit heart. Langendorff perfusion. Both vagi were stimulated at (a), (b) an 

maximal stimuli 7 times/sec and at (d), (e) and (f) with submaximal stimuli 23 times/sec for 

15 sec, as indicated by the white line; (a) and (d), controls; (b) and (e), 35 min after perfusion 

with ouabain (0-25 ug/ml.); (c) and (f), 20 min after perfusion with ouabain was discontinued. 
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when cats, anaesthetized with paraldehyde, were injected with 1-2 mg nico- 
tine, stimulation of the vagus no longer caused inhibition, but when repeated 
caused acceleration. Since this acceleration might have been due to the 
stimulation of sympathetic fibres running for part of their course with the 


Fig. 8. Isolated rabbit’s auricles. Record started when auricles had been cont'n i0ously beating 
for 41 hours at 29° C. Stimulation of both vagi with maximal stimuli at 20/sec as indicated 
by white lines. Time marker 5 sec. (a) Stimulation for 10 sec; (b) stimulation for 14 min, 
40 min later (auricular beat had been very slow for the last 20 min); (c) stimulation for 1 min, 
10 min later; (d) stimulation for 14 min, 4 min later after auricles had stopped beating for 
2 min; (e) stimulation for 10 sec, 5 min later, after auricular beat had been restarted by 
acetylcholine 40 yg/ml. in bath. 


vagus, they prepared cats in which they removed the superior and inferior 
cervical and the stellate ganglia allowing periods up to 31 days for degenera- 
tion. The degeneration of the nerves arising in these ganglia did not modify 
the phenomenon. 

In 1936 Jourdan & Nowak described the occurrence of cardiac acceleration 
when the vagus was stimulated in the dog after giving it atropine: their results 
led them to conclude that the accelerator fibres were not sympathetic in origin 
but came from the cells of the vagus nucleus; they considered that the presence 
of these accelerator fibres was a further example of the artificiality of the 
anatomical division of the autonomic system into sympathetic and para- 
sympathetic trunks. Kabat (1939) obtained cardiac acceleration in the atro- 
pinized dog by stimulation of the intracranial roots of the vagus. Middleton, 
Middleton & Toha (1949) observed an acceleration at the end of vagal stimula- 
tion of the perfused cat heart (without atropine) and demonstrated the 
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presence of an adrenaline-like substance in the perfusate. The observations 
_ which are described in the present paper agree with the findings of these 
authors, though they provide no evidence of the origin of the accelerator fibres. 
The observations make clear, however, that if these are regarded as aberrant 
sympathetic fibres, such aberrant fibres are usually if not always present. 
The observations with hexamethonium throw light on the conclusions of 
Perry & Talesnik (1953) that the inhibitory action of ACh in the isolated heart 
is exerted on the ganglion cells in the heart, and not on the heart itself. They 
observed that doses (e.g. 6 mg) of hexamethonium which blocked the effect 
of vagal stimulation also blocked the action of ACh. In the present experiments 
hexamethonium was perfused in a concentration (2 x 10 g/ml.) just sufficient 
to abolish the effect of vagal stimulation; this concentration did not appreciably 
diminish the effect of ACh in five out of ten experiments and did not abolish 
itin any. Perry & Reinert (1954) found that hexamethonium when perfused 
through the heart of the cat in a concentration of 3 x 10-* g/ml., and when 
perfused through the heart of the guinea-pig in a concentration of 5 x 10-*g/ml. 
abolished the inhibitory effect of ACh. This may have been due to an atropine- 
like action of such high concentrations. Armitage & Kopera (unpublished) 
have observed in this laboratory that doses of 20-40 mg hexamethonium 
diminished the secretion of saliva produced in the cat by intravenous infusion 
of carbachol to the same extent as 1 wg atropine. 
' Numerous authors have suggested that the cardiac glycosides, such as 
ouabain, potentiate the effect of vagus stimulation on the heart. Gremels 
(1935) produced evidence of this in the cat under chloralose, and similar 
observations have been made by Abdon, Hammarskjéld & Nielsen (1938) 
Abdon & Nielsen (1938) and Perry & Reinert (1954). The sites of action might 
be two. The potentiation might occur at the ganglia around which the pre- 
ganglionic vagal fibres end: and an action here would conform with the 
observations of Konzett & Rothlin (1952) and of Perry & Reinert (1954) that 
cardiac glycosides potentiated the action of preganglionic stimulation and of 
ACh on the superior cervical ganglion. Alternatively, the potentiation might 
occur at the postganglionic terminations in the heart muscle. An attempt has 
been made in the present experiments to distinguish between these two sites 
by using both maximal and submaximal stimuli. Potentiation of maximal 
stimulation was presumed to occur in the heart muscle only, and not at the 
ganglia. Submaximal stimulation was obtained by destroying a proportion of 
the preganglionic fibres and stimulating the remainder maximally. The 
potentiation of this stimulation might be expected to occur at the ganglia. 
If the terminations of each preganglionic vagal fibre made contact with several 
ganglion cells, each cell could receive nerve endings from several fibres. When 
_ only a few preganglionic fibres were excited, the rest having been destroyed, 
some of the ganglion cells would then receive subthreshold stimuli. Therefore 
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a substance which lowered the threshold would cause an increased response to 
submaximal stimulation, while the response of the preparation to maximal 
stimulation would remain unaffected. Evidence for this conception has been 
given by Eccles (1935) in the superior cervical ganglion, and by Whitteridge 
(1937) in part of the cat’s ciliary ganglion. 

In fact, potentiation of both kinds of stimulation was observed when 
ouabain was perfused, but the potentiation of submaximal stimulation 
occurred more rapidly and was greater than that of maximal stimulation. 
The results therefore gave strong support to the view that potentiation of 
vagal effects is one of the more important properties of the cardiac glycosides, 
and that the site of this potentiation might be both the ganglia themselves 
and also the postganglionic terminations. 


SUMMARY 


1. An isolated rabbit vagus nerve-heart preparation has been described 
which worked effectively for periods from 6-9 hr. An isolated rabbit vagus 
nerve-auricle preparation has also been described which worked for 2 days. 

2. Stimulation of the vagi produced two effects. As long as stimulation was 
continued, the heart rate was slowed. When stimulation ended, a phase of 
increased heart rate and amplitude followed. This effect was greater in some 
preparations than in others. 

3. Cocaine, when present in concentrations which did not affect the inhibi- 
tory action of the vagi, increased the phase of acceleration which followed. 

4. In the presence of hexamethonium, stimulation of the vagi caused only 
acceleration of the heart. When hexamethonium was perfused through the 
heart in a concentration sufficient to abolish the inhibitory action of the vagi, 
the effect of small amounts of acetylcholine was never abolished and was 
appreciably reduced in only five of the ten experiments. 

5. The effect on vagal stimulation of perfusing the heart with ouabain was 
determined. Both submaximal and maximal stimulation was applied. The 
effect of both forms of stimulation was potentiated, but the rate of onset and 


the magnitude of the potentiation of submaximal stimulation was greater than 
that of maximal stimulation. 
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THE MOVEMENT OF POTASSIUM BETWEEN SMOOTH 
MUSCLE AND THE SURROUNDING FLUID 


By G. V. R. BORN ann EDITH BULBRING 
From the Department of Pharmacology, University of Oxford 


(Received 22 October 1955) 


Previous work on ionic fluxes in excitable tissues has been mainly concerned 
with nerve and striated muscle; it has provided a basis for the interpretation 
of electrical phenomena in these tissues. From recent study it has become 
evident that in smooth muscle a close correlation exists between membrane 
potential, discharge of spike potentials and tension (Biilbring, 1955); but no 
information is available about ionic exchange in this tissue. 

The work here described was undertaken to find out whether it was possible 
to establish a correlation between changes in tension and the movement of 
potassium in smooth muscle. The results showed that during changes in tension 
occurring spontaneously or in response to mechanical and chemical stimuli 
the rates of uptake and loss of “K were correspondingly altered. 


METHODS 


Radioactive potassium was obtained from the Atomic Energy Research Establishment, Harwell, 
as irradiated K,CO, (Johnson, Matthey, ‘Specpure’). The salt was dissolved in a volume of 
1-0 n-HCI to neutralize the solution. The requisite amount of this radioactive solution was added 
to a modified Krebs’s solution to give a KCl concentration of 0-35 g/l. The composition of the 
bathing solution used throughout was as follows (mm): 133 NaCl, 4-7 KCl, 1-38 NaH,PO,, 
16-3 NaHCO,, and after equilibration with 95% O, and 5% CO,, 2-5 CaCl,, 0-105 MgCl, and 
7-8 dextrose were added. 

The isolated taenia coli of the guinea-pig was the smooth muscle preparation used. For most 
experiments it was placed in a small chamber through which bathing solution flowed. 

The muscle chamber was made of a block of Perspex. A channel 3-2 cm long and 0-16 cm in 
diameter was drilled 0-1 cm below and parallel to the upper surface. One end of the channel was 
closed by a stopper with a centre hole to admit bathing fluid. The other end of the channel opened 
on to a Perspex lip from which the effluent could be collected. The muscle was attached at one 
end to a hook on the stopper, and at the other end by a thread leading out of the channel to a 
mechano-electronic transducer valve (RCA 5734) to record the tension. Warm water was circu- 
lated through channels drilled alongside the muscle chamber which kept the preparation at 37° 
A Geiger counter tube (G.E.C. Type GM 4) was mounted with its window downwards on top of 
the muscle chamber, separated from the preparation by a distance of 0-2 cm. Of this, 0-1 cm was 
Perspex wail, and 0-1 cm was the thickness of a lead shield. This shield had a central slot 
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0-16 x 1-0 cm. Thus the central part of the channel containing 1 cm of the total muscle length was 
exposed to the Geiger tube. 

The rate of uptake of “K by smooth muscle was measured in different ways. One method 
allowed a simultaneous comparison of the rate of ““K uptake by several pieces of muscle. Up to 
eight pieces of taenia of the same in situ length were taken from a freshly killed guinea-pig, 
weighed and incubated at 30-37° C. They were placed in radioactive solution, either unweighted 
or with a load of 5g. In other experiments they were suspended in isolated organ baths filled 
with inactive solution and attached to isometric or to isotonic levers; the tension or the contrac- 
tions were recorded on a kymograph, and after 1 hr, during which the muscles developed a constant 
rhythm of spontaneous activity, the baths were filled with radioactive solution. At the end of 
each experiment the active solution was replaced by inactive solution which was changed three 
times in 5 min. Then each taenia was rapidly taken out and dissolved in 1 ml. of concentrated 
nitric acid. 4 ml. of water were added and small duplicate samples of this solution were dried on 
planchets and their radioactivity was determined. The activity was expressed as counts/min per 
mg wet weight of tissue. 

In another method a length of taenia was placed in the muscle chamber and bathed with 
inactive solution until the mean tension had become constant. The muscle was then bathed with 
radioactive solution for 5 min, and with inactive solution for the next 5 min. The radioactivity 
of the muscle was measured during the last minute of the total 10 min period by means of the 
Geiger tube which was fixed above the muscle channel. The cycle was then repeated, so that the 
uptake was measured every 10 min, during only half of which it had been exposed to radioactive 
solution. In other experiments the radioactive solution flowed for 25 min, and the radioactivity 
of the muscle was determined after 5 min washing, i.e. every 30 min. 

The rate of loss of **K from smooth muscle was measured as follows. A piece of taenia of about 
2 cm in situ length was soaked in radioactive solution at room temperature for periods varying 
from 1 to 6hr. It was then placed in the Perspex chamber and washed with inactive solution, 
which flowed at a constant rate varying from 2 to 5 ml. per min in different experiments. The 
radioactivity of the muscle was measured using the Geiger tube mounted on top of the muscle 
chamber, either at intervals with a scaler or continuously with a ratemeter with a maximal 
paralysis time of 400 usec. 

For higher resolution the effluent was collected in many successive samples of constant volume 
(0-4-0-5 ml.) on aluminium planchets. The samples were evaporated to dryness and their radio- 
activity was determined. The counting of each sample was continued until the s.8. of the count 
was less than 7%. All results were corrected for decay of “*K, and (where appropriate) for the 
dead time of the Geiger tube and scaler. 


RESULTS 
The rate of uptake of *K by taenia coli 


The taeniae coli from one guinea-pig were divided into pieces of similar in situ 
length (about 2 cm) and weight (about 20 mg). They were immersed in radio- 
active solutions and removed after periods varying from 10 min to 7 hr, and 
their radioactivity was determined. The results of six such experiments are 
shown in Table 1. The rate of uptake of “*K was rapid at first and then became 
progressively slower. After about 3 hr the radioactivity increased no more. 
In order to observe the rate of uptake in one single piece of taenia it was 
inserted into the muscle chamber and exposed to radioactive solution. At 
intervals of 10 min in one experiment, and of 30 min in another, the tissue was 


washed with inactive solution and its radioactivity was measured. Every 
44-2 


a 
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fourth reading of the first experiment is tabulated in Table 1 (Expt. 7). The 
results of the other experiment are shown in Fig. 1. The half-time of uptake 


was 55 min. 
TaBLE 1. Uptake of “*K by taenia coli 


No. and conditions of Period of soaking counts/min 
ent (min) per mg 

No. 1, 36° C, unweighted 20 408 
40 964 
80 1334 
No. 2, 36° C, unweighted 15 108 
30 141 
60 316 
120 417 
No. 3, 35° C, unweighted 30 403 
60 480 
90 684 
120 589 
150 858 
180 872 
No. 4, 35° C, un ted 30 307 
60 360 
90 590 
120 716 
150 876 
180 801 
No. 5, 37° C, unweighted 120 357 
240 920 
360 966 
420 954 
No. 6, 30° C, 5 g load 10 17 
20 242 
40 346 
80 470 
No. 7, 37° C, intermittent 40 *2727 
soaking in muscle chamber, 80 4249 
tension fluctuating from 120 5062 
2to5g 160 5866 
200 6470 
240 6481 


* Direct muscle counts, not per mg weight. 


The rate of loss of **K from taenia coli 

A piece of taenia, which had previously been soaked in radioactive solution, 
was transferred to the muscle chamber and its radioactivity was measured at 
intervals while it was washed continuously by a steady stream of inactive 
solution. It was found that the rate of loss of “K decreased exponentially. 
In two such experiments the half time of loss was approximately 75 min (see 
inset of Fig. 2). However, the first count was too high to fall on the straight 
line shown. This suggested that in the first few minutes the rate of loss de- 
creased more rapidly than later. Therefore the rate at which **K was lost from 
the taenia during the first 30 min was determined. The taenia in the chamber 
was bathed with radioactive solution for 5 min, and then with inactive solution. 
The radioactivity of the muscle was measured twice a minute for the first 
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]0 min and then once every 2 min for the next 15 min. The result of such an 
experiment, plotted semilogarithmically, is shown in Fig. 2. During the first 
2min the decrease of radioactivity was very rapid. After the third min the 
decrease became much slower and exponential. This suggests that the radio- 
activity was lost from more than one source. The initial rapid loss was pre- 
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Fig. 1. Uptake of “*K by taenia coli. 
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Fig. 2. Decrease in radioactivity of taenia, previously loaded with ““K, during washing with 
inactive solution. Constant for rate of loss, K =1-14 hr.-'. Inset: decrease in radioactivity 
in 5hr. Period of soaking: main figure 5 min, inset 2 hr. 
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sumably from the channel and from the extracellular space. Control experi- 
ments showed that within 2 min after switching from radioactive to inactive 
solution, over 90% of the radioactivity was lost from the chamber when no 
muscle was present. The initial high count and the first part of the rapid loss 
was thus due to the contribution from the channel which was relatively great 
when the muscle had only been soaked for a short time, e.g. 5 min. The later, 
less rapid exponential loss represented “*K coming from the muscle cells (Harris 
& Burn, 1949; Keynes, 1954). A period of 5 min washing with inactive solution 
was adopted throughout to remove extracellular potassium before measure- 
ments of radioactivity of the muscle were made. 
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Fig. 3. Fluctuations of tension (broken line) and of radioactivity appearing in the washing solu- 
tion (continuous line) of taenia coli during spontaneous activity: (a) before, (b) in the presence 
of atropine 2 x 10-*. 


The rate of loss of **K from taenia during spontaneous activity 

In order to study changes in the loss of potassium in relation to changes in 
tension the radioactivity appearing in the washing solution was measured. 
A piece of taenia was inserted into the muscle chamber and bathed with radio- 
active solution. When the muscle had developed a vigorous spontaneous 
rhythm the radioactive solution was replaced by inactive solution and after 
10 min washing the effluent was collected in equal consecutive samples every 
20 sec. At the end of each collection the tension was noted. The duration of 
a full cycle of the spontaneous pendular rhythm was about 2 min, Thus a high 
resolution in the measurement of radioactivity was required over a short 
period. However, the rate of loss of K from the smooth muscle was such that 
small samples of washing fluid were sufficiently active to provide statistically 
significant results, when counted over long periods. In Fig. 3a the tension and 
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the radioactivity measured in the effluent have been plotted against time. The 
rate of loss of “K showed fluctuations which were synchronous with the 
fluctuations in tension which varied over a range of 4—6 g. The loss of “*K was 
rapid during each rise in tension and slowed during relaxation. Four hours 
later the experiment was repeated with the same preparation in the presence of 
atropine in a concentration of 2 x 10-* g/ml. which would eliminate the par- 
ticipation of parasympathetic nerves in causing the changes in tension. Fig. 36 
shows that the variations in the loss of “*K bore the same relation to the 
changes in tension as before. 


Radioactivity of effluent (counts/min) 


Fig. 4. Effect of histamine on tension (broken line) and on the loss of “K 
from taenia (continuous line). 


The effect of histamine and acetylcholine on the rate of loss of **K from taenia 

Both substances stimulate the taenia coli, and their effect on the rate of loss 
of potassium was studied by measuring the radioactivity appearing in the 
washing fluid. A piece of taenia previously soaked in radioactive solution was 
inserted into the muscle chamber and bathed with inactive solution. Equal 
samples of effluent were collected at frequent intervals. Histamine was slowly 
injected into the bathing fluid and the collection of samples was continued 
while its effect took place. The changes in the radioactivity of the effluent and 
the changes in tension produced by 10g histamine are shown in Fig. 4. As 
during spontaneous activity, the rate of loss of “*K increased at the same time 
as the tension increased, and returned to the initial rate when the muscle 
Telaxed. 

The effect of acetylcholine was studied in the same way. It was found that 
the rate of loss of potassium from the muscle increased with the increasing 
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tension and returned with the falling tension to the initial rate. Fig. 5 shows 
the effect of three different doses, observed in the course of 40 min. The muscle 
exhibited no spontaneous activity in the beginning of the experiment but 
became active at the end. The areas beneath the records of the effects of 
acetylcholine on the tension and on the radioactivity were measured, and the 
inset shows the percentage changes as a function of the logarithm of the dose. 
Both responses increased with the dose. 


Radioactivity of effluent (counts/min) 
8 8 2 


: 


Min 


Fig. 5. Effect of three doses of acetylcholine on the tension (broken line) and on the loss of **K 
from taenia (radioactivity of effluent = continuous line). Inset shows percentage increase in 
area of both effects plotted in relation to the log of the dose. 


The effect of adrenaline on the movement of #K 

Since the rate of loss of potassium from the muscle was closely associated 
with increase in tension, it was surprising to find that relaxation in response 
to adrenaline was not accompanied by a diminution in the rate of loss. There 
was usually no change in the rate of loss of #K (Fig. 6a) and rarely a slight 
increase; the greatest observed is shown in Fig. 66. 

We then studied the effect of adrenaline on the uptake of “K. Pieces of 
taenia were suspended in radioactive solution with or without adrenaline. 
After incubation the muscles were washed, dissolved in nitric acid and their 
radioactivity was measured. The effect of adrenaline could thus be expressed 
as percentage of a control treated for the same length of time without 
adrenaline. The results of these experiments, set out in Table 2, show the 
following points: 

(1) In thirteen out of twenty-four muscles adrenaline increased the uptake 


of “K. The maximum increase was 54%. In the other muscles adrenaline 
produced no statistically significant change. 
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(2) There appeared to be no correlation between the increase in uptake of 
“K and the concentration of adrenaline. 

(3) The greatest increases were seen with short periods of incubation. 

This last observation suggested that any immediate effect on the uptake 
which adrenaline had might have been masked by processes taking place after- 
wards. For instance, in vigorously oxygenated solution at 37° C adrenaline is 
oxidized and its effect on the muscle might have passed off. 
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Fig. 6. Effect of adrenaline on tension (broken line) recorded from taenia, and on the 
loss of “*“K measured in the effluent (continuous line). 


TaBLE 2. The effect of adrenaline on the uptake of “K 


Time of 
No. of expt. Conditions of adrenaline (min) (% of control) 
1 No load 142 
40 95 
80 112 
2 No load 2x10 15 154 
30 126 
60 107 
120 99 
3 Isometric, 5 g 2x10 10 147 
4x10-* 10 100 
Isotonic, 5 g 1x10-* 10 134 
2x10-* 10 117 
4x10-* 10 102 
4 Isometric, 5 g 1x10"? 10 107 
5x10" 10 99 
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Therefore another method was used. The taenia was placed in the muscle 
chamber and was loaded with “K until its radioactivity changed no further. 
Then the following cycle was adopted. The muscle was bathed for 5 min in 
radioactive solution alternating with 5 min in inactive solution to allow 
counting. Adrenaline was infused at a slow constant rate, starting simul- 
taneously with the admission of radioactive solution. The adrenaline infusion 
was continued while the muscle was washed with inactive solution, and the 
radioactivity of the muscle was thus measured while it was still relaxed. Using 
this method the effect of adrenaline in enhancing the uptake of “K could be 
demonstrated regularly. If conditions had not been strictly isometric and the 
muscle had been allowed to lengthen, less tissue would have been exposed to 
the Geiger tube resulting in lower counts. The opposite was observed. 

The changes in the radioactivity and the tension of the muscle are shown in 
Fig. 7a. During successive periods of bathing in radioactive solution the 
radioactivity increased steadily. When adrenaline was infused at the same 
time as the radioactive solution flowed, the muscle relaxed and the increase in 
radioactivity was greater. After the adrenaline inhibition, when the tension 
increased again, radioactivity was lost. Fig. 7b shows an experiment in which 
the radioactivity of the muscle had reached a steady state and changed very 
little during the control periods of soaking in radioactive solution. However, 
when, at the time of soaking, an adrenaline relaxation took place, the muscle 
took up more “K. The figure shows this effect three times. 


The effects of histamine and acetylcholine on the uptake of 4K 
Using the same technique as that described in the preceding section the 
muscle was exposed to the radioactive solution in the absence and presence of 
histamine or acetylcholine. It was found that during the rise in tension there 


was a decrease in the radioactivity of the muscle; but when the muscle relaxed 


again the rate of uptake was increased above the initial rate. In the first 
experiment shown in Table 3 the muscle was repeatedly stimulated by 
histamine during the time in which it was bathed in radioactive solution. The 
muscle lost radioactivity each time, but during the recovery periods it gained 
more than it had lost. In the second experiment acetylcholine was used to 
stimulate the muscle. Two control periods were allowed between each activa- 
tion, and it was found that the loss was balanced by the subsequent gain. 


The balance of inward and outward movement 
When a muscle, which was in a steady state of activity as well as in a steady 
state of potassium exchange, was relaxed by adrenaline its uptake of potassium 
increased. Since the earlier experiments had shown that the rate of loss usually 
remained unchanged, adrenaline appeared to produce a net gain of potassium. 
A similar net gain was observed when a muscle in a steady state was so 
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Differences in counts/min 
+96 +76 +169 —104 481 +207 -—94 +47 
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Fig. 7. Two experiments showing the effect of adrenaline 2 x 10~* on the rate of uptake of “*K by 
taenia coli, (a) Shows stepwise increase of radioactivity of muscle (continuous line) during 
successive periods of 5 min bathing in radioactive solution. During relaxation (tension = 
broken line) in response to adrenaline the uptake was greater. Actual differences in counting 
rate recorded on top. (6) Shows constant level of radioactivity during control periods and 


three increases in radioactivity brought about by adrenaline. 


TaBLe 3 
Changes in radioactivity of the muscle (in counts per min, measured every 10 min) 
when it was soaked while it was y activated by 
‘Histamine Acetylcholine 
Concentration Activated At rest Concentration Activated At rest 
2x10-? — 88 1-6 x 10-* — 445 
+ 286 +132 
4x10-7 135 + 305 
+ 296 4x10-7 270 
4x1i0-7 — 106 + 287 
+308 + 36 
4x10-’ — 295 
+ 238 
+760 


2x 10-7 
+208 
Total change — 723 Total change -715 
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frequently activated (e.g. by histamine, Table 3) that the gain during the 
relatively short period of recovery exceeded the loss. If, however, the interval 
between activation was longer, the imbalance disappeared; the greater loss 
of potassium during the period of activity was then about equal to the greater 
uptake during recovery, and thus the net result was a faster rate of exchange. 
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Fig. 8. The effect of stretching the taenia on tension (broken line) and on the rate of loss of “*K 
(continuous line) as measured in the effluent. The abscissa shows the order and extent to 
which the length of the preparation was altered. 


The effect of stretch wpon the rate of loss of *K from taenva 

It had previously been found (Biilbring, 1954, 1955) that stretching the 
taenia caused a fall in membrane potential, an increase in spike frequency and 
an increase of tension. To study the effect of stretch on the outward movement 
of potassium a piece of taenia previously loaded with “*K was placed in the 
flow chamber and washed with inactive solution. The rate of loss of *#*K was 
determined by measuring the radioactivity of the effluent. In the experiments 
illustrated in Fig. 8 the length of the muscle was changed at 2 min intervals 
in (a) and at 1 min intervals in (6) and (c). The tension and the rate of loss of 
“K both increased together when the muscle was stretched. When it was 
allowed to resume its initial length and the tension decreased, the rate of loss 
of radioactive potassium also diminished. 


DISCUSSION 


The observations here recorded on the movements of potassium in the smooth 
muscle of the taenia coli of the guinea-pig are entirely qualitative. As far as 
the results can be compared, they are analogous to those obtained in the 
extensive studies on nerve and on striated muscle (for reviews see Hodgkin, 
1951; Fleckenstein, 1955). The uptake of “*K proceeds in a similar way to that 
which Creese (1954) found in the rat’s diaphragm. When the taenia is exposed 
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to radioactive solution its radioactivity, like that of the diaphragm, increases 
rapidly at first, but becomes constant within 3-4 hr. When striated muscle is 
transferred from radioactive to non-radioactive solution, the rate of loss of 
“K shows an exponential decline (for frog muscle see Keynes, 1954). Smooth 
muscle under similar conditions also loses “*K with an exponential decline, but 
the rate of loss fluctuates over short periods of time. In striated muscle there 
is a clear distinction between rest and activity, but in our experimental 
conditions the smooth muscle was in its physiological state of continuous 
spontaneous activity which fluctuated in degree. The periodic fluctuations in 
the rate of loss of potassium were found to be associated with the spontaneous 
pendular rhythm. There appeared to be a rapid succession of changes in the 
permeability of the membrane to potassium, periods of increased loss alter- 
nating with periods of increased uptake. This view is supported by the observa- 
tion that the membrane potential and the frequency of discharge of spike 
potentials also undergo rapid fluctuations (Biilbring, 1955). The spontaneous 
activity of smooth muscle can be regarded as a steady state with brief, regular 
fluctuations in tension and in the movement of potassium. The rate of exchange 
is accelerated by stimulating the muscle to more activity. Fenn (1940) came 
to the conclusion that rhythmical activity assists the liberation of potassium, 
since incomplete tetanus liberates more potassium from striated muscle than 
a complete tetanus. He assumed that in heart muscle a steady state is reached 
in which the loss during contraction is just equal to the gain during recovery. 
In the turtle heart (O’Brien & Wilde, 1952) fluctuations in the rate of loss of 
potassium have been shown to coincide with the heart rhythm. During each 
systole there was a greater loss of potassium from the heart muscle than during 
diastole. Similarly, in smooth muscle there was a greater loss of potassium 
~ each time the tension increased during a cycle of spontaneous activity. The 
outward movement of potassium was also increased when the smooth muscle 
produced an increase in tension in response to histamine or to acetylcholine. 
Recently Lembeck & Strobach (1955) found that in pieces of the cat’s small 
intestine, suspended in potassium-free solution, the loss of potassium was 
increased by acetylcholine (which caused contraction) but not by histamine 
(which in this tissue caused no contraction). 

Evidence exists that in striated muscle during activity not only the efflux 
but also the influx of potassium is increased. In rat muscle Hahn & Hevesy 
(1941) and Noonan, Feng & Haege (1941) found a four- to five-fold increase in 
the rate of uptake of “*K during exercise. This increased rate of exchange 
observed in striated muscle during intermittent activity may be compared 
with the increased rate of exchange occurring in smooth muscle when it is 
repeatedly activated by successive doses of histamine or acetylcholine. 

The relaxation brought about by adrenaline was not associated with a 
detectable reduction in the rate of loss which remained either unchanged or 
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was slightly increased. This was surprising in view of the observation of 
Goffart & Perry (1951) that in mammalian striated muscle adrenaline caused 
first a decrease and then an increase in the rate of loss of “K. These authors 
did not study the action of adrenaline on the uptake. Fenn (1940) quotes the 
work of Sugimoto (1932), who showed that adrenaline increased the potassium 
content of the quadriceps muscle. Dresel & Wollheim (1924) found that in 
isolated loops of guinea-pig intestine adrenaline decreased the potassium 
content of the bath and increased that of the piece of intestine. However, 
their results were variable. We found that in the smooth muscle of the taenia 
the relaxation in response to adrenaline was accompanied by a greatly increased 
inward movement of potassium. 

The demonstration of the effect of adrenaline presented a practical problem 
for the following reasons: on the one hand, when the muscle was soaked in 
radioactive solution the uptake at the beginning was very fast, and during this 
time increased inward movement of “K brought about by adrenaline was not 
clearly demonstrable. On the other hand, when the exchange of “K had 
reached a steady state the radioactivity of the muscle was high. Con- 
sequently, any changes brought about by adrenaline were necessarily small in 
proportion. Despite this the uptake of “K during a relaxation in the presence 
of adrenaline was clearly increased. It was followed by some loss of radio- 
activity when the muscle resumed its initial tension. Moreover, the relaxation 
which followed a rise in tension produced by histamine or acetylcholine was 
similarly associated with an increased inward movement of “K. 

Our results suggest that adrenaline increases the rate of an active process 
(Hodgkin & Keynes, 1955) which pumps potassium back into muscle, thus 
accelerating a process which normally takes place during recovery from 
activity. 

SUMMARY 

1. The inward and outward movement of radioactive potassium (“*K) was 
studied in isolated intestinal smooth muscle preparations (taenia coli) of the 
guinea-pig. 

2. The rate of uptake of *K decreased with time, half the final radio- 
activity being taken up within the first hour. After 3-4 hr a steady state was 
reached. 

3. The rate of loss of “K was exponential with a half-time of 75 min. 

4. During spontaneous rhythmic activity each increase in tension was 
associated with increased outward movement of #K. 

5. Histamine and acetylcholine caused an increased rate of outward move- 
ment of “K, closely related to the increased tension. Stretching the muscle had 
the same effect. 


6. Adrenaline did not reduce the outward dinvetinnt: but increased the 
rate of inward movement of #K. 
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THE RELATION BETWEEN THE TENSION AND THE 
HIGH-ENERGY PHOSPHATE CONTENT OF 
SMOOTH MUSCLE 
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Mammalian smooth muscle, isolated and maintained under good conditions, 
maintains its normal spontaneous tone and activity for many hours. When 
stimulated electrically or by histamine or acetylcholine, the muscle contracts 
and remains contracted as long as the stimulus lasts. 

It has been known for many years that the contractile properties of isolated 
smooth muscle alter reversibly when the supply of oxygen or of substrate is 
stopped. Anoxia rapidly diminishes the tone of isolated uterus and intestine, 
and it abolishes the spontaneous movements of intestinal muscle (Gross & 
Clark, 1923; Garry, 1928). These effects are not due to the accumulation of 
lactic acid (Prasad, 1935). West, Hadden & Farah (1951) have recently 
observed that when isolated rabbit intestine is made anoxic it is no longer able 
to respond to chemical stimulants with sustained contractions. Effects 
similar to those of anoxia are seen when isolated smooth muscle is deprived 
of glucose or of other substances which it can metabolize. Thus, Feldberg & 
Solandt (1942) found that in the absence of glucose the isolated small intestine 
of the rabbit lost tone and spontaneous activity. These effects were not due to 
a diminution in the rate of synthesis or release of acetylcholine. When acety!- 
choline was added the muscle contracted but the contraction was not sustained 
in the continued presence of acetylcholine. 

Born & Biilbring (1955) recently found that 2:4-dinitrophenol affected the 
smooth muscle of the guinea-pig’s taenia coli as follows: as the concentration 
of 2:4-dinitrophenol was increased the spontaneous tension of the muscle 
decreased and the concentration of adenosine triphosphate (ATP) in the 
muscle decreased in proportion. Moreover, when the muscle was stimulated 
with histamine the tension increased but the increase was not maintained, 
although the histamine was still present. 
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The effects of anoxia, of substrate deficiency and of metabolic inhibitors 

have been attributed to an interruption of the normal supply of chemical 
energy to the muscle. Such an interruption might be expected to show itself 
in a fall of the concentrations of the labile high-energy phosphate compounds 
ATP and creatine phosphate, which are generally thought to be the immediate, 
or almost immediate, sources of chemical energy for muscular activity. 
In this paper it is shown that when an isolated smooth muscle is deprived 
of oxygen or glucose the concentration of ATP in the muscle changes little in 
the time during which the spontaneous tension, and the ability to sustain 
increased tension in response to stimulation, are abolished. The concentration 
of creatine phosphate, however, decreases at approximately the same rate as 
the spontaneous tension of the muscle. 


METHODS 


Guinea-pigs were killed by a blow on the neck and bled out. The taeniae coli, which are two bands 
of smooth muscle about 1 mm wide and 0-5 mm thick, were dissected off the outside of the large 
intestine. 

Their combined fresh weight was 205 mg (average of twelve experiments; range 174-271 mg) 
which was enough for four estimations of ATP and creatine phosphate. Each taenia was therefore 
cut in half. The four pieces were weighed and set up in an organ bath under the same conditions 
of load or tension. The bath contained Krebs’s bicarbonate solution which was normally gassed 

with a mixture of 95% O, +5% CO,. The temperature was 37° C. Contractions and tensions of 
the taeniae were recorded on a kymograph. 

For chemical analysis a piece of taenia was rapidly removed from the bath and dispersed in a 
small all-glass homogenizer containing 1 ml. of ice-cold 5% (w/v) trichloroacetic acid. Another 
1 ml. was used to wash matter adhering to the piston into the homogenizing tube which was then 
centrifuged at 0° C and 3000 g for 5 min. The clear supernatant was poured into another test-tube 
and the trichloroacetic acid was removed by extracting four times with ice-cold ether. One volume 
of 0-2m-sodium arsenate buffer pH 7-5 was added and the solutions were frozen at — 10° C until 
they were analysed for ATP and creatine phosphate, usually within 3 hr. ATP was determined 
by the firefly luminescence method (Strehler & Totter, 1954). Creatine and creatine phosphate 
were determined by the method of Ennor & Rosenberg (1952). 


RESULTS 


The concentrations of ATP and creatine phosphate in 

isolated taeniae colt 
The concentrations of ATP and creatine phosphate were determined after 
isolated taeniae coli had been in the bath under optimal conditions for 
15-30 min. The concentration of ATP was 1-80+0-04ymole/g moist weight 
(mean +8.E, of mean, six experiments) which is similar to that found in other 
smooth muscles (Mommaerts, 1951). The concentration of creatine phosphate 
was 1-94 + 0-04 wmole/g (twenty-two experiments), which is higher than that 
previously found in smooth muscle, i.e. about 0-7 »mole/g (Mommaerts, 1951). 
In the taenia coli 59% of the total acid-extractable creatine was present as 
creatine phosphate. This is a much higher proportion than that found, with the 
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same methods, by Ennor & Rosenberg (1952) in various tissues of the saiian- 
pig (and cat), including skeletal and heart muscle but not smooth muscle. In 
all these tissues, only 20-25 % © of the total creatine was present as creatine 
phosphate. 
Effects of the absence of glucose 

Fig. 1 shows a typical isotonic record of the spontaneous movements of an 
isolated piece of taenia and of the changes which developed when a Krebs’s 
bicarbonate solution containing no glucose was substituted for the normal 
solution. After a few minutes the character of the rhythmical activity changed. 
The fine contractions disappeared and larger, irregular contractions occurred 
at longer intervals. The tonus gradually decreased and disappeared altogether 
after 80 min. 


Height of contraction x 10 (cm) 


(a) (b) | (c) (d) 
, 
0 1 #2 33min 


Fig. 1. Isolated taenia coli of guinea-pig in Krebs’s bicarbonate solution at 37° C. Spontaneous 
movements recorded isotonically and magnified ten times. Load 5g. In (a) glucose was 
present; in (6), (c) and (d) glucose was absent. Interval between: (a) and (6), 10 min; (6) and 
(c), 20 min; (c) and (@), 50 min. 


Fig. 2 shows an experiment which illustrates the effect of withholding glucose 
on the spontaneous mean isometric tension and on the concentrations of ATP 
and creatine phosphate. The rate of decline of tension was slow and followed 
the decrease in creatine phosphate concentration, while the concentration of 
ATP remained almost unchanged. 

Similar results obtained in several iciianneiate of this kind are summarized 
in Fig. 3. The spontaneous active tension diminished slowly and disappeared 
in 55-ca. 180 min. ‘The ability of the muscles to sustain heightened tension 
during stimulation was also lost slowly and it was completely abolished at the 
time when the spontaneous tension reached its lowest level. The concentrations 
of the high-energy phosphate. compounds decreased equally slowly. The ATP 
concentration was generally not much decreased, whereas the creatine phos- 
phate concentration was considerably reduced by the time the tension of the 


| 


& 


N 


ATP and CP concentrations and 
tension, percentage of control 


Fig. 
mo 
the 
4 
sw 
att 
m 
qu 
| 24 
al 
su 
1¢ 
m 


ATP AND CREATINE PHOSPHATE IN SMOOTH MUSCLE 1707 


muscle had reached its minimum, the total concentration of high-energy 
phosphate having fallen, on the average, by 36%. 
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ATP and CP concentrations and 
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Time without glucose (min) Time without glucose (min) 
Fig. 2. Fig. 3. 


Fig. 2. Effect of lack of glucose on the spontanedus active tension (—) and the ATP (@) and 
creatine phosphate (©) concentrations of isolated taenia coli. 

Fig. 3. Effects of absence of glucose on the spontaneous active tension and the ATP (@) and 
creatine phosphate (©) concentrations of isolated taenia coli in nine experiments. The two 
lines which meet the abscissa at 55 and 180 min respectively enclose the time interval during 
which the tension decreased. 


Effects of anoxia 

When taeniae were made anoxic by bubbling nitrogen through the bathing 
solution instead of oxygen, active tension and rhythmic activity disappeared 
more rapidly than in the absence of glucose. Fig. 4 shows how anoxia rendered 
the muscle unable to sustain the rise in tension produced by stimulation. A 
piece of taenia was stimulated electrically with an alternating current of 
50 c/s and a uniform potential gradient of 1:37 V/cm. The effects were recorded 
isometrically. When the bathing solution was gassed with 95% O, and 
5°% CO, the tension of the taenia rose when the stimulating current was 
switched on and remained elevated as long as the current flowed. One minute 
after changing the gas mixture to 95% N, and 5% CO, the ability of the 
muscle to sustain the elevated tension was already severely impaired and 
quite lost within 10 min. The spontaneous tension decreased over a period of 
24 min, When oxygen was bubbled through the bath instead of nitrogen the 
anoxic changes were reversed, The record shows clearly how the ability to 

sustain heightened tension returned completely within a period of about 
10 min. The spontaneous tension also returned gradually. In another experi- 
ment of this kind the concentrations of the high-energy phosphates were 
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measured; there was no decrease in ATP concentration but the creatine 
phosphate concentration after 18 min of anoxia was reduced by 52%. 

Fig. 5 summarizes the results of several experiments in which taeniae were 
made anoxic. The spontaneous tension decreased more rapidly than in the 
absence of glucose, relaxation being complete after 18-30 min. At this time 
the concentration of high-energy phosphate had fallen, on the average, by 
39°. The ATP concentration was not much reduced while the creatine phos- 
phate concentration had been reduced by 50-80%. 


(a) 


Tension (g) 


4 
(6) 

Fig. 4. Effect of anoxia on the ability of taenia coli to maintain increased tension during electrical 
stimulation. The muscle was stimulated once in 2 min with 50 c/s a.c. at a potential gradient 
of 1-37 V/cm during the periods indicated on lower trace. From (a) to (6), N, was bubbled 
through the bathing solution instead of O,. 


After readmitting oxygen, both the spontaneous tension and the concentra- 
tion of creatine phosphate rapidly increased to the previous levels: in two 
experiments, within 4 min. 


Correlation between spontaneous tension and concentration 
of creatine phosphate 
Experiments were made in which the creatine phosphate concentration in 
several pieces of taenia was determined at different times after the supply of 
glucose or oxygen had been stopped, and in which one piece of taenia was used 
for recording the spontaneous active tension. These experiments suggested 
that there was a correlation between the concentration of creatine phosphate 
and the spontaneous tension of the muscle. This correlation is shown in Fig. 6, 


in which the tension is plotted against the corresponding creatine phosphate 
concentration. 
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Fig. 5. a: effects of anoxia on the spontaneous tension and the ATP (@) and creatine phosphate 
(O) concentrations of isolated taenia coli in eleven experiments. The two lines enclose the 


time interval during which the 


tension decreased. 6: rapid reconstitution of ATP (@) and 


creatine phosphate (©) in the presence of 0,, after anoxia, in five experiments. 
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Creatine phosphate concentration, percentage of control 
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- Fig. 6. Correlation between spontaneous active tension and creatine phosphate concentration 
in isolated taenia coli. In three experiments (©) the taeniae were deprived of O, and in one 
(@), of glucose. The line indicates exact correspondence. 
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DISCUSSION 
When, in these experiments, the isolated taenia coli of the guinea-pig was 
deprived of glucose or of oxygen, the smooth muscle lost its spontaneous 
tension and activity, and also the ability to maintain increased tension during 
stimulation. These changes came about more rapidly in the absence of oxygen 
than in the absence of glucose, and they were fully developed when the high- 
energy phosphate concentration in the muscle had decreased by about one- 
third. The decrease was almost entirely accounted for by the breakdown of 
creatine phosphate and, under the conditions of these experiments, there was 
a correlation between spontaneous tension and creatine phosphate con- 
centration. This correlation calls to mind the experiments of Ling & Gerard 
(1949) who found a correlation between a fraction of the membrane potential 
and the concentration of creatine phosphate in the sartorius muscle of the frog. 

These results raise the problem of the functional significance of creatine 
phosphate in muscle. Since Lohmann (1934) first showed that creatine phos- 
phate is broken down by minced muscle only in the presence of adenosine 
diphosphate and creatine phosphokinase, much evidence has accumulated 
which suggests that the function of creatine phosphate is to make possible the 
rapid resynthesis of ATP from adenosine diphosphate. Unlike ATP (Weber, 
1955), creatine phosphate has apparently no direct effect upon the con- 
tractile system. It is, however, conceivable that the hydrolysis of creatine 
phosphate alters the conditions inside a muscle in such a way that some part 
of the functional chain behaves abnormally. 

Experiments of the kind shown in Fig. 4 suggest that the development of 
tension by smooth muscle involves two mechanisms. One mechanism is 
responsible for the immediate rise in tension which occurs when the muscle is 
stimulated and this mechanism continues to function in anoxia and in the 
presence of 2: 4-dinitrophenol (Born, 1955). The other mechanism is responsible 
for the sustained tension which the muscle shows, both spontaneously and 
following stimulation. This mechanism is abolished when metabolism is inter- 


fered with, e.g. by depriving the muscle of glucose or of oxygen, or by exposing 
it to 2:4-dinitrophenol. 


SUMMARY 

1. When the isolated taenia coli of a guinea-pig is kept at 37° C in Krebs’s 
bicarbonate solution through which a mixture of 95% O,+5% CO, is bubbled. 
the smooth muscle maintains active tension and rhythmical activity spon- 
taneously. The concentrations of adenosine triphosphate (ATP) and creatine 
phosphate are 1-80 and 1-94 wmole/g moist weight, respectively. 

2. When the bathing solution contains no glucose the taenia loses spon- 
taneous tension and activity, and the ability to maintain increased tension 
during stimulation, within a period of 55-ca. 180 min. There is little or no 
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decrease in the concentration of ATP, whereas that of creatine phosphate 
decreases considerably. 

3. Lack of oxygen produces the same effects as lack of glucose within 
18-30 min. The ATP concentration decreases slightly while the concentration 
of creatine phosphate falls by 50-80%. 

4. In the abSence of glucose or of oxygen, there is a correlation between the 
active tension and the creatine phosphate concentration of the muscle. 


I wish to thank Dr W. D. McElvoy, McCollum-Pratt Institute, Johns Hopkins University, 
Baltimore, for his kindness in supplying fireflies. 
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OBSERVATIONS ON A CENTRAL ANTAGONISM BETWEEN 
ADRENALINE AND ACETYLCHOLINE | 


By V. C. ABRAHAMS anp MARY PICKFORD 
From the Department of Physiology, University of Edinburgh 
(Received 24 October 1955) 


In a previous paper (Duke & Pickford, 1951) experiments were described in 
which unanaesthetized dogs received intravenous injections of adrenaline and 
acetylcholine, either singly, together, or in rapid sequence during the course of 
water diuresis. About half the number of times that adrenaline was given with 
or just before acetylcholine the reduction in rate of urine flow, usual after 
injection of acetylcholine alone, was prevented. At other times adrenaline 
seemed to reinforce the acetylcholine action, or had no effect on the normal 
response to it. Reasons were given for thinking that adrenaline interacted 
with acetylcholine in the central nervous system, possibly at the supraoptic 
nuclei, and that the inconstancy with which acetylcholine was inhibited by 
adrenaline was owing to the intravenous route of administration, which made 
impossible any control of the amount of the drugs reaching the central nervous 
system. 

In the work to be described here adrenaline and acetylcholine either singly, 
together, or in sequence were injected into the carotid artery of conscious dogs. 
The object was to test whether the response to the drugs given by this route 
was more regular than when they were given intravenously: i.e. to determine 
whether their combined action was a central one as previously suggested. 


METHODS 


Seventy observations were made on four bitches (weights, 10, 10, 11-5 and 13 kg), mainly on two 
of them. In all animals the dorsal perineum had been slit to facilitate catheterization of the 
urethra. They were also provided with denervated carotid loops. On any day when observations 
were made the dogs were hydrated in the morning and 2} to 3 hr later diuresis was induced with 
250-300 ml. water by mouth. About 10 min after the water 2 mg atropine sulphate was injected 
subcutaneously, and 45-60 min after the water they received the intracarotid injections. The 
amount of acetylcholine given was always 200 ug because this was found to give a maximal and 
reproducible inhibition of water diuresis in dogs of this size. The quantity of adrenaline HCI varied 


from 0-5 to 40 ug. The drugs were made up in 0-9% NaCl solution, and the volume injected was 
always 0-2 ml. 
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Since the drugs were given in rapid succession, both injections were made through the same 
hypodermic needle so that the carotid artery was punctured only once in each experiment. The 
injection apparatus was assembled as follows. A short length of soft rubber tubing was tied at 
one end to the hypodermic needle and at the other to a short length of glass tube. The glass in 
turn was joined to the syringe by 4 in. of polythene tube. Polythene was chosen since its in- 
elasticity allowed injections to be made rapidly against the considerable resistance of the fine 
needle and the carotid blood pressure. The glass junction made it easy to see blood withdrawn 
when making certain that the artery had been entered. The procedure was then as follows. The 
syringe, tubing and needle were filled with the solution that was to be injected first. As soon as 
the needle was in the artery the first injection was made, then as quickly as possible mosquito 
forceps were put on the rubber tubing close to the needle, partly to prevent reflux of blood from 
the artery, and partly to ensure that the second injection went forward into it. At the chosen 
time the second injection was made with a second syringe and needle through the rubber directly 
into the socket of the intra-arterial needle. In this way dead space was reduced to less than 
0-02 ml. 

The adrenaline used was the 1 mg/ml. mixed pt solution supplied by Messrs Parke Davis and Co. 
Acetylcholine solutions were made up freshly each day immediately before use. 


RESULTS 

Fig. 1a (curve A) shows the effect, on the rate of urine flow during water 
diuresis, of 200yug acetylcholine injected intra-arterially. The effect of this 
amount of acetylcholine is almost the same as that of 1 m-u. of vasopressor 
activity of the posterior pituitary gland given intravenously (Fig. 1a, curve P). 
Fig. 1b shows the effect of 2 ug adrenaline in solution injected into the carotid 
artery of the same dog. These responses are typical of those seen in all the 
dogs used. Fig. 2 shows the effect of injecting 2g adrenaline followed in 
11 sec by 200 ug acetylcholine. The injections caused a fleeting irregularity in 
the rate of urine flow, but no inhibition comparable to that seen after acetyl- 
choline alone. Provided certain conditions mentioned below were observed 
adrenaline in this dose never failed to prevent the inhibition of urine flow 
which occurred when acetylcholine alone was injected. 

Timing of the injections relative to each other. The time between the injections 
was varied from 8 to 60 sec, 8 sec being the least time in which the necessary 
manipulations could be made. The drugs were also given simultaneously, 
having been mixed in the syringe immediately before use. When the drugs 
were given simultaneously the urine flow was inhibited as though acetylcholine 
alone had been given. With an 8 sec interval between the injections of adrena- 
line and acetylcholine sometimes urine flow was inhibited and sometimes it 
was not. When at least 10sec was allowed between injections the usual 
inhibitory effect of acetylcholine was never seen. 

When the time between the two injections was increased up to 38 sec 
adrenaline still invariably antagonized the effect of acetylcholine. Fig. 3a 
shows the type of response seen when the interval was 30 sec. If the time was 
longer than 38 sec, and up to about 45 sec, one of two things might happen: 
either there was moderate reduction in the rate of urine flow (Fig. 36), or rapid 
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temporary fluctuations appeared (Fig. 4a). If the interval between injections 
was increased beyond 45 sec and up to 60 sec then the urine flow was always 
inhibited to the same extent as if acetylcholine had been given alone (Fig. 45). 

Thus, in order that the inhibition of urine flow normally caused by acety]- 
choline might with certainty be antagonized, either wholly or in part, it was 
necessary to inject adrenaline from about 8 to 45 sec before the acetylcholine. 


Urine flow (ml./min) 
T 


i i 
Fig. 1. Three water diuresis curves in the same dog. (a) At the arrow in curve A, 200g acety!- 
choline injected into the carotid artery. At the arrow in curve P, 1 m-u. vasopressor extract 
injected intravenously. (6) At the arrow, 2 ug adrenaline injected into the carotid artery. 
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Fig. 2. Water diuresis curve. At the arrow, 2g adrenaline followed 11 sec later by 
200 ug acetylcholine injected into the carotid artery. . 
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The dose of adrenaline necessary to antagonize acetylcholine. The quantity of 
; acetylcholine injected was kept constant at 200 ug, and the amount of adrenaline 
: was varied. The time between injections of the two drugs was in the range 
10-30 sec. In all four dogs 2g adrenaline always prevented acetylcholine 
; inhibition. In one of them lyg (Fig. 5a), and on occasion, even 0-5yug 
adrenaline was sufficient. In the other three 1 ug only partially antagonized 
acetylcholine, or more often entirely failed to do so. 
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Fig. 3. Two water diuresis curves from the same dog. (a) At the arrow, 2 ug adrenaline followed 
30 sec later by 200ug acetylcholine injected into the carotid artery. (6b) At the arrow, 
2 ug adrenaline followed 45 sec later by 200 ug acetylcholine injected into the carotid artery. 


_ Urine flow (mi,/min) 
w 


Fig. 4. Two water diuresis curves from the same dog. (a) At the arrow, 24g adrenaline followed 
40 sec later by 200yg acetylcholine injected into the carotid artery. (b) At the arrow, 
2 wg adrenaline followed 60 seo later by 200 ug acetylcholine injected into the carotid artery. 
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On two occasions adrenaline in a dose of 34g was as effective as 2ug in 
inhibiting the action of acetylcholine. Three times, however, this amount only 
partially prevented the effect of acetylcholine. Once a slight antagonism was 
seen using 5yg adrenaline. More commonly, with the 4 and 5yg doses of 
adrenaline, and certainly with a 10 ug dose, followed by 200g acetylcholine, 
the rate of urine flow was inhibited to the same extent as by acetylcholine 
alone (Fig. 5d). 


Urine flow (ml./min) 
w > 


—_ 


Fig. 5. (a) Water diuresis curve in dog 102. At arrow, 1 yg adrenaline followed 18 sec later by 
200 ug acetylcholine injected into the carotid artery. (6) Water diuresis curve in dog 104. 
At arrow, 4g adrenaline followed 30 sec later by 200 yg acetylcholine injected into the 
carotid artery. 


Given alone intracarotid injections of 10, 20 and 40 ug adrenaline in solution 
caused either no inhibition of urine flow, or a brief spiked inhibition similar to 
that seen when the same dose was injected intravenously (Fig. 6). 


Effect of adrenaline and acetylcholine on respiration. When a dose of acetyl- ' 


choline, sufficient to inhibit urine flow, was injected into the malleolar vein of 
an atropinized dog there always followed, 12-16 sec later, a sighing respiration. 
When 200 ug acetylcholine was given into the carotid artery the sigh followed 
almost immediately. Since the carotid sinus and body were always denervated 
the respiratory response could not be a reflex arising from the latter. By its 
timing the sigh appeared to be of central origin and not due to any change in 
general blood pressure. It was noticed that the sigh still occurred even when 
the intracarotid injection of acetylcholine was preceded by a dose of adrenaline 


adequate to antagonize the renal action of acetylcholine. Adrenaline by itself 
induced no sigh. 
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Urine flow (mi./min) 


0 15 3 4 6 7 
Min 


Fig. 6. Water diuresis curves from 2 dogs. O---O, At A, 10g adrenaline injected into the carotid 
artery; @—@, at B, 40 ug adrenaline injected into the carotid artery; at C, 40 ug adrenaline 
injected intravenously. 


DISCUSSION 


Normally an intracarotid injection of 200ug acetylcholine caused a decrease 
in the rate of urine flow during water diuresis by releasing antidiuretic hormone 
from the posterior pituitary (Pickford & Watt, 1951). The results recorded 
above show that when the intracarotid route was used an injection of adrena- 
line consistently antagonized the effect of acetylcholine given later, provided 
that the size and timing of the doses of the two drugs were within certain 


limits. For clear-cut antagonism the shortest time interval between injections 


of adrenaline and acetylcholine was about 8 sec, and the longest 38-45 sec. 
The effect of a 200ug dose of acetylcholine was always annulled by 2yug 
adrenaline, sometimes by 1 yg or (in one dog) by 0-5ug. Using greater amounts 
of adrenaline, 34g sometimes completely antagonized the action of acetyl- 
choline. More often 3, 4 and 5g adrenaline only partly prevented the inhibi- 
tion of urine flow seen when acetylcholine alone was given. With a 10ug dose 
of adrenaline followed by acetylcholine the urine flow was inhibited to the 
same extent as by the latter alone. 

These results strengthen the earlier conclusions (Duke & Pickford, 1951) that 
adrenaline and acetylcholine interact centrally, and that the former can prevent 


the release of posterior lobe hormone usually caused by the latter. Time, about 


8 vec, is necessary for this action of adrenaline to develop, and it then endures 


_ for not more than 35-40 sec. How these two drugs interfere with each other 
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is unknown. The adrenaline could, by a constrictor effect on the capillaries 
round the supraoptic cells, simply prevent access to acetylcholine. Such a con- 
strictor action would be highly specific, since acetylcholine is not prevented 
from reaching the centre responsible for the disturbance of respiration. Since, 
further, it is difficult to see why 2g adrenaline should constrict the supraoptic 
capillaries, and 4, 5 and 10 yg fail to do so, this seems an unlikely cause for the 
antagonism between these two drugs. Possibly the adrenaline directly 
antagonizes the action of acetylcholine on the supraoptic cells. If so, it is 
difficult to explain the disappearance of the local antagonism when the dose 
of the antagonist is increased. A further possibility is that the neurones whose 
axons terminate on the supraoptic cells and there exert an inhibitory action, 
are stimulated by small doses of adrenaline, but paralysed by high concentra- 
tions. This would explain how small doses of adrenaline, by remote action, 
block the effect on the supraoptic cells of the later arriving acetylcholine, 
whilst large doses leave these neurones free to respond to acetylcholine. 

Since the respiratory effect of acetylcholine was not abolished by any dose 
of adrenaline used in these observations it is evident that these two substances 
are not antagonistic at all sites in the central nervous system. 


SUMMARY 

1. During water diuresis in dogs provided with carotid loops adrenaline and 
acetylcholine were injected into the carotid artery either singly, together, or 
in sequence, 

2. An injection of 100 ug acetylcholine caused an antidiuresis equivalent to 
that due to the intravenous injection of 1 m-u. vasopressor extract of the 
posterior pituitary. An injection of 2-40yg adrenaline caused a brief 
antidiuresis. 

3. If 2ug adrenaline and 200 ug acetylcholine were simultaneously injected 
the resulting antidiuresis was similar to that seen when acetylcholine alone 
was injected. 

4. The antidiuretic action “of an injection of 200 ug acetylcholine was pre- 
vented by a previous intracarotid injection of about 1-3 ug adrenaline, pro- 
vided that the adrenaline preceded the acetylcholine by not less than about 
8 sec and not more than about 45 sec. 

5. The interference between the actions of adrenaline and acetylcholine 


occurs in the central nervous system, but its site and mode of action is 
unknown. 
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The principles of respiratory mechanics. By B. G. Ferris, 
M. B. McIiroy, J. Mean, E. P. Raprorp and J. L. WurrrenBerGcer. 
Department of Physiology, Harvard School of Public Health, Boston, 
Mass., and The Medical Unit, St Bartholomew’s Hospital, London, E.C. 1 


- The film is intended to help in teaching at undergraduate or post-graduate 
level. In the first part of the film the behaviour of simple elastic and resistive 
systems is illustrated, using mechanical models. The elastic properties of the 
lungs and the resistance to air flow in the bronchial tree are demonstrated in 
experiments in which isolated animal lungs are ventilated in a transparent 
chamber. The method of analysing the viscoelastic properties of the lungs 
from simultaneous tracings of the applied pressure and the resulting volume 
change is described in diagrams, and the measurement of intra-oesophageal 
pressure and tidal volume shown in a normal subject. Part I ends with 
a demonstration of the use of the measurements of vital capacity and maximum 
breathing capacity in health and disease. 

Part II deals with the mechanical properties of the lungs and thorax as a 
whole, and starts with a description of the mode of action of the respiratory 
muscles. The normal ventilatory response to moderate and severe exercise is 
shown, and the oxygen cost of breathing considered in relation to the total 
oxygen consumption. | 

After defining the subdivisions of lung volume, the film proceeds to a descrip- 
tion of the effects of surface tension, with particular reference to the first 
breath in newborn babies and the re-expansion of atelectatic lungs. 

The last section of the film is concerned with disturbances in the mechanical 
function of the lungs in disease. The mechanisms underlying air trapping 
during forced expiration in emphysema are illustrated using a mechanical 
model, and a similar method is used to demonstrate the effect of local differences 
in the mechanical properties of the lungs on the distribution of ventilation. 


This film was sponsored by the National Foundation for Infantile Paralysis. 
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A photometric method for the rapid measurement of blood 
oxygen saturation and capacity. By I. C. Roppie, J. T. SazrHERD 
and R. F. Wuetan. Department of Physiology, The Queen’s University 
of Belfast | 

A flat glass cell (Fig. 1) is mounted with dental wax in the ebonite holder for 

rectangular cells supplied with the Unicam S.P. 400 absorptiometer. The 

tubes leading to and from the cell pass through a hole in the top of the holder. 

_ The cell can therefore be filled and flushed out without removing the holder 

from the instrument. Because of the small depth of the cell chamber (about 

1 mm) 1-5 ml. of solution is sufficient to fill the cell and inlet tubing. 

The percentage saturation of the blood is determined from the equation 


0.D. reduced sample — 0.p. test sample 


o.D. reduced sample oxygenated sample’ 


where 0.D. = optical density at a wavelength setting of 660 my. 
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Fig. 1. 


One ml. of blood is taken into a 2 ml. syringe previously rinsed with heparin 
(1000 units/ml.), and this is followed by an equal volume of 0-1°% sodium 
carbonate solution containing 2 g of pure white saponin per 100 ml. A little 
mercury is drawn in, and after shaking for about 10 sec the solution is injected 
into the cell. For the fully reduced sample the same dilution is used, but the 
diluting solution is made by adding under paraffin 1 ml. of freshly prepared 
saturated sodium hydrosulphite to each 6-5 ml. of sodium carbonate-saponin 
solution. 

The cell is flushed out with about 10 ml. of saline between observations. 

The accuracy of the method has been calculated from the results of simul- 
taneous photoelectric and Van Slyke oxygen saturation determinations on 
100 blood samples ranging in Hb concn. from 12-2 to 18-4 g/100 ml. of blood. 
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The saturations ranged from 15 to 98%. The s.p. of the differences between 
values obtained by the two methods was 1-85°%, saturation. 

The oxygen capacity was determined from the 0.p. reduced sample minus 
the 0.D. oxygenated sample. In fifty-seven comparisons with Van Slyke 
determinations ranging from 4-5 to 30 vol. % the s.p. was 0-48 vol. %. 


We wish to thank Mr L. M. Speet, Department of Physics, The Queen’s University of Belfast, 
who made the glass cell. 


Ovorubin. By D. F.Currsman. Department of Physiology, Bedford College, 
University of London ; 

The red pigment from the eggs of the South American amphibian snail 

Pomacea canaliculata australis (Orb.), which Comfort (1947) reported to be 

a carotenoid-protein complex, has recently been isolated (Cheesman, 1954) 

and given the name ovorubin, by analogy with ovoverdin, the green caro- 

tenoprotein of lobster eggs (Kuhn & Lederer, 1933). 

A new procedure for the purification of the protein is based upon its great 
resistance to heat and to tryptic action. The diluted egg homogenate is treated 
with Al(OH),C,, which adsorbs the pigment quantitatively and releases it 
when suspended in 0-2mM-Na,HPO,. The alkaline solution is adjusted to pH 5 
and the pigment is again adsorbed on alumina and eluted. A repetition of the 
adsorption—desorption cycle yields a clear solution of the chromoprotein. This 
is boiled at pH 5, adjusted to pH 7-5, and incubated with trypsin at 37° for 
30 hr. Contaminating proteins are thus degraded. A further adsorption on 
and desorption from alumina yields a product with an absorption spectrum 
in the visible and ultraviolet ranges unaffected by further trypsin treatment 
and dialysis. 

The carotenoid prosthetic group is probably astacene (3:3':4:4’-tetraketo- 
B-carotene) (Cheesman, 1954). The minimum molecular weight of the protein 
is about 130,000, as calculated from the spectroscopically determined astacene 
content of a known dry weight. 

Ovorubin, resistant to heat denaturation and to bacterial action, is also very 
difficult to spread as a unimolecular film at a water surface. Irreversible 
modification of the carotenoid protein linkages may be achieved by brief 
treatment with acid or alkali and adjustment to pH 5. The absorption 
spectrum, originally showing bands at 480, 510 and 545 my in the visible 
range, is now single-banded with a maximum at about 480 my. The altered 
protein is readily coagulated by heat and spreads rapidly to form unimolecular 
films, A direct correlation has been found between rate of spreading and degree 
of modification of carotenoid-protein linkages. It may be suggested that the 
carotenoid locks the protein in its native configuration. 
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These observations may be of interest in relation to the finding that the 
bleaching of rhodopsin, which involves the dissociation of retinene from opsin, 
is brought about not only by light, but also by protein-denaturing agents 


Mirsky, 1936; Wald, 1953). 
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A recording audiometer. By W. Burns and G. A. Morris. Department 
of Physiology, Charing Cross Hospital Medical School, London, W.C. 2 


The usual method of clinical audiometry is unsuitable for investigating rapid 
changes of auditory threshold. Audiometers with sufficiently quick response 
for such purposes have been devised by Hallpike & Schuster (Hood, 1950) and 
by Békésy (1947). In both of these, the subject finds the auditory threshold 
for a test tone which can be made to rise and fall in intensity under his own 
control; in Békésy’s instrument the frequency of the test tone can, in addition, 
be made to change slowly and continuously, so scanning any desired range of 
frequency. The audiometer to be shown uses the Békésy principle; a com- 
mercial audiometer (Marconi TF 444A) has been modified and elaborated to 
provide a single transportable instrument capable of either conventional 
audiometry, automatic audiometry over the range 125 to 8000 c/s, or thres- 
hold recording at single frequencies. For these special applications, motor 
drives have been provided for the control of frequency and intensity, and 
a time trace, an output intensity trace, and indications of the frequency of the 
output are provided by pens writing on moving paper. 

To operate the instrument as a recording audiometer, the subject is provided 
with a spring-return key. If this is in the released position, the motor-driven 
attenuator of the audiometer steadily raises the intensity of the test tone at 
a rate of 1 db/sec; if the key is depressed and held, the motor is reversed, so 
reducing the intensity of the test tone at the same rate. The subject is in- 
structed to keep the key depressed only while he hears the tone. This reduces 
the intensity below threshold, the key is accordingly released, and the tone 
intensity again rises. The result is a repeated crossing of the auditory threshold, 
upwards and downwards, with a corresponding record on the moving paper. 
The amplitude of the excursions, in terms of db, varies with different subjects 
and conditions. 

With a test tone of steadily changing frequency, the range 125-8000 o/s is 


covered in approximately 13 min. From this record a conventional audiogram 
can be derived. 
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For applications such as the study of auditory fatigue, continuous records 
of the threshold at a particular frequency can also be obtained. 


We are much indebted to Dr T. 8. Littler of the Wernher Research Unit on Deafness, Medical 
Research Council, for calibrating the apparatus. 
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Heat elimination from the toes during exposure of the foot to 
subatmospheric pressures. By D. R. Cotes. Department of 
Phystology, The Queen’s University of Belfast 

The heat elimination from the toes of six normal men was measured, using 

calorimeters filled with water in the range 29-32° C. One foot was exposed to 

various subatmospheric pressures for periods of 10 min. The results have 
been adjusted to eliminate the effects of general disturbances of the circulation 
as revealed by simultaneous observations on the control toes. 

During the application of pressures of 50 and 100 mm Hg below atmospheric 
the heat elimination from the toes was increased or unchanged. With pressures 
of 150 and 200 mm Hg below atmospheric there was a wide individual varia- 
tion. Some subjects showed a small increase in heat elimination, others 
a decrease. 

It is suggested that when the transmural pressure in the blood vessels of the 
foot is increased by approximately 50 or 100 mm Hg, there is little alteration 
in the resistance to blood flow through the toes, and little alteration in the 
calibre of the vessels responsible for this resistance. In some individuals the 
resistance remains almost unchanged when the transmural pressure is increased 
by approximately 150 or 200 mm Hg, but in others the resistance is increased. 
In the latter it is presumed that there is a constriction of the vessels responsible 
for resistance to flow. 

In no subject was there any evidence of the large vasodilatation found 
in the vessels of the fingers during exposure to — 200 mm Hg and sometimes 
to —150 mm Hg (Coles & Greenfield, 1956). It would appear that the blood 
vessels of the toes are more resistant to large increases in transmural pressure 
than those of the fingers. 

The expenses of this investigation were in part defrayed by a grant from the Trustees of the 
Sir Halley Stewart Fund. D. R. Coles holds a Medical Research Council Fellowship in Clinical 
Research. 
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On the bleaching of the photosensitive substance in the retinal 
rods of Xenopus laevis. By E.J. Denton. Department of Physiology, 

University of Aberdeen 
The preparation and the method previously described (Denton, 1954a, b) were 
used to study the absorption spectrum and the bleaching of the photosensitive 
pigment found in the intact retinal receptors of Xenopus laevis. The difference 
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Fig. 1. The 3 upper curves are for unbleached retinae. The 3 retinae were later bleached to 
different degrees and the 3 lower curves show their residual dichroism about 35 min after 
bleaching. The ordinate is difference in densities (expressed as a percentage) of the prepara- 
tion for light polarized across and along the axes of the rods. The density difference of the 
unbleached preparation for that wavelength for which the difference is greatest is made 
equal to 100%. 


in optical density between the absorption of the retinal rods for light polarized 


along and across the axis of the rods was measured as a function of wave- 


length. The axes of the rods were perpendicular to the direction of the incident 
light. 
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The curves obtained for unbleached retinae resemble the absorption curves 
of the extracted pigment (Dartnall, 1954) in having their maxima close to 
520 mp. Asin Salamandra maculosa and Rana temporaria the dichroism in the 
visible is almost entirely dependent upon the photosensitive pigment and 
almost completely disappears upon bleaching (Fig. 1). 

The reversal of the dichroism in the near ultraviolet (360 my) following 
bleaching, which is slight for Salamandra maculosa and Rana temporaria, is 
very marked for Xenopus laevis. The rods of the unbleached and freshly 
bleached Xenopus retina absorb the near ultraviolet light most when it is 
polarized across the axis of the rods and least when it is polarized along this 
axis; in the dark in the half hour following bleaching, while the average 
absorption (that of unpolarized light) remains almost constant, the dichroism 
reverses, i.e. the absorption becomes greatest for light polarized along the axis 
of the rods and least for light polarized across this axis (Fig. 1). 

These results probably mean that visual white (here perhaps vitamin A,) is 
still organized within the rod but has a strong component of absorption 
perpendicular to that of visual purple in the unbleached and visual yellow in 
the freshly bleached rod. 


I wish to thank Dr M. H. Pirenne for the loan of filters obtained through the Medical Research 
Council, and Dr J. Smith for the gift of the animals. 
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The effects of lowering the bath temperature on the responses of 
the isolated guinea-pig ileum. By H. W. Kosreruirz and Jupira 
A. Rosprnson. Department of Physiology, University of Aberdeen 


When in the isolated guinea-pig ileum the peristaltic reflex is abolished by 
hexamethonium or by storing the ileum at 4° C for 2448 hr, filling of the 
lumen still causes contraction of the longitudinal muscle layer. Evidence has 
been put forward (Kosterlitz, Pirie & Robinson, 1955) that this contraction 
is not caused by stretch on the muscle fibres but is reflex in nature. 

To obtain corroborative evidence, the sensitivity to cooling of this reflex 
contraction of the longitudinal muscle was compared with the effect of cooling 
on the responses of the longitudinal muscle to nicotine, 5-hydroxytryptamine, 
barium and potassium ions, substance P, acetylcholine, carbachol and hista- 
mine. Although there was some variation in the behaviour of individual ileum 
preparations, the agents tested fell roughly into two groups. The actions of the 
substances belonging to the first group, namely acetylcholine, carbachol, 
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histamine and potassium ions, were usually not depressed when the bath 
temperature was lowered from 35 to 20°. On the contrary, there was some- 
times a potentiation of the contractions caused by carbachol and histamine. 
In the second group, on the other hand, the responses to raising the intra- 
intestinal pressure, to nicotine, barium ions, 5-hydroxytryptamine and sub- 
stance P were almost always depressed by cooling. If the assumption is 
permissible that nervous structures are more thermo-sensitive than muscle 
fibres, then these findings seem to lead to the conclusion that the substances 
listed in the first group act on the muscle fibres directly and those in the 
second group involve nervous elements. This is in agreement with the generally 
held view regarding the actions of acetylcholine, histamine, nicotine, 5-hydroxy- 
tryptamine and barium ions. While substance P is widely distributed in the 
central nervous system and may possibly be the chemical transmitter for the 
first sensory neurone (Lembeck, 1953; Amin, Crawford & Gaddum, 1955), 
there is so far no corroborative evidence justifying the assumption that its 
action on the longitudinal muscle of the guinea-pig ileum is indirect. 
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The effect of KCl on auricular fibrillation produced by electrical 
stimulation in the presence of acetylcholine. By J. H. Burn and 
J. M. Watxer. Department of Pharmacology, University of Oxford 


Auricular fibrillation has been produced in the heart-lung preparation of the 
dog under the following conditions (Burn, Vaughan Williams & Walker, 
1955a, b, 1956): 

(a) During infusion of acetylcholine (ACh) by the application of electrical 
stimuli to the right auricle. It persists after stimulation is stopped for as long 
as the ACh is infused, and is arrested by atropine. 

(6) After the addition of eserine or paraoxon to the blood by the application 
of electrical stimuli to the right auricle. It persists after stimulation is stopped 
for a period proportional to the concentration of anticholinesterase added, and 
is arrested by atropine. 

(c) After the addition of eserine to the blood by the injection of 25ug 
aconitine into the taenia terminalis. In the absence of eserine, fibrillation was 
produced only occasionally. Aconitine given in this way does not cause 
fibrillation if atropine is present (Scherf, Schaffer & Blumenfeld, 1953). 

These results indicate that under these conditions auricular fibrillation 
depends on the action of ACh. 
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The fibrillation produced by stimulating the auricle during infusion of ACh 
reverted to normal rhythm when KCi was infused slowly at a rate of 50 mg/min. 
The amount required varied from 25 to 250 mg. After infusion of KC! fibrilla- 
tion could be re-established only with difficulty, and once established lasted 
only a short time. 

Burgen & Terroux (1953) and Hoffman & Suckling (1953) have shown that 
ACh causes the form of the action potential in the auricle to become narrower 
because of a much faster rate of repolarization. This effect may perhaps 
indicate that ACh accelerates the exit of K+ from the cell. The arrest of 
fibrillation by infusion of KCl may then be explained by its effect in making 
more difficult the exit of K from the cell, and thus neutralizing the effect of 


ACh. | 
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The influence of cortisone upon the distribution of phosphate in 
man. By J. N. Miizts and 8. Tuomas. Department of Physiology, 
University of Manchester 

Large phosphate infusions, with inulin, were given intravenously to four 

healthy subjects, and the distribution of this phosphate was calculated. 

45-70 m-equiv phosphate was given rapidly, followed by a sustaining infusion 

of 50yu-equiv/min. It was assumed that plasma phosphate concentration 

equalled concentration in extracellular (inulin) space, and that any infused 
phosphate neither excreted nor remaining in this space was intracellular 

(5 intracellular phosphate). 

In eight experiments, two on each subject, cortisone acetate (Glaxo) 250 mg 
was taken by mouth about 4 hr before the start of infusion, and phosphate dis- 
tribution was compared with that in control experiments, forming eight matched 
pairs in which similar amounts of phosphate were infused (Table 1). In control 
experiments about 46 % of the retained phosphate entered the cells during the 
first 2 hr of the infusion; thereafter the amount within the cells remained fairly 
steady, as did the plasma concentration. In three subjects given cortisone 
a lower pre-infusion plasma phosphate was observed; infused phosphate dis- 
appeared very rapidly from the extracellular space, leaving much lower plasma 
concentrations. After 2} hr some phosphate left the cells again, and plasma 
concentration sometimes even rose despite a urinary loss of phosphate which 
exceeded the rate of infusion; 5 intracellular phosphate had on three occasions 
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fallen to the level of control experiments by 3-4 hr after the start of the 
infusion. Inulin space was unaltered by cortisone; minimal change in plasma 
chloride concentration suggests that extracellular fluid volume changed little 
during the course of an experiment. 


Taste 1. Distribution of intravenously injected phosphate 2 hr after start of injection 


Intracellular 

P infused P retained Intracellular P P as % of P 
(m-mole) (m-mole) [P], (mm) (m-mole) retained 

Subject Con. Cort. Con. Cort. Con. Cort. Con. Cort, Con. Cort. 
T 73-5 75-1 43-5 44-4 3:35 2-26 21-4 28-2 49 64 
T 62-2 64:8 37-2 39-5 2-72 1-96 18-0 21-8 48 55 
Y 57-2 30-5 34-0 2-40 1-62 14-3 22:8 47 67 
Y 57-3 = 58-1 32-7 32-0 2-52 1-91 13-4 20-5 41 64 
M 70-9 67-5 37-9 40-0 2-65 1-82 15-8 25-2 42 63 
M 61-7 63-6 31-9 36-5 2-52 1-63 12-5 24-2 39 66 
L 48-1 49-7 27-7 29-1 2-05 1-96 16-2 16-4 58 56 
L 673 61-9 38-0 29-7 2-67 2-49 18-3 15-1 48 51 
Mean 623 61-5 34-9 35-6 2-61 1-96 16-2 21-8 46 61 

Con. = control; Cort. = cortisone 


In a fourth subject, L, known to have an unusually prolonged gastric 
emptying time, oral cortisone was without effect. 

Plots of phosphate excretion against either plasma concentration or 
filtered load indicated no consistent difference between controls and corti- 
sone experiments, 


Our thanks are due to the Medical Research Council for the supply of cortisone. 


On the action of adrenaline on muscle blood flow and blood lactate 
in man. By H. Barorort and A. F. Copsoip. Sherrington School of 
Phystology, St Thomas’s Hospital Medical School, London, S.E. 1 


Intravenous infusions of adrenaline cause a large initial followed by a smaller 
_ sustained increase in muscle blood flow in man (Allen, Barcroft & Edholm, 
1946). According to Celander (1954) adrenaline vasodilatation in muscle is 
secondary to a change in muscle carbohydrate metabolism. In view of this we 
have studied the forearm blood flow and blood lactate concentration before, 
during and after intravenous infusions of adrenaline (10g/min for 25 min) in 
eight subjects. Forearm blood flow was recorded with the plethysmograph 
(Barcroft. & Swan, 1953). Blood samples were obtained by retrograde cathe- 
terization of a forearm muscle vein (Mottram, 1955); blood lactate was 
determined by Hullin & Noble’s (1953) modification of Barker & Summerson’s 
method (1941). The results show that: 

(1) The large initial dilatation is not accompanied by any increase in blood 
lactate. This confirms the work of Bell & Stead (1952). 
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(2) The sustained vasodilatation is accompanied by a progressive increase 
in blood lactate. Previous authors have reported lacticacidaemia following 
adrenaline (Cori & Buchwald, 1930; Courtice, Douglas & Priestley, 1939). 

(3) After the infusion there is at first a rapid decline in blood flow, thereafter 
blood flow and blood lactate subside gradually to the resting level in half an 
hour. 

These results suggest that the sustained vasodilatation might be partly due 
to the action on the muscle blood vessels of one or more products of glycolysis. 

However, the direct action of adrenaline on muscle does not appear to cause 
muscle glycolysis, for intra-arterial infusions of adrenaline are not accompanied 
by lacticacidaemia or by a decrease in muscle glycogen (Hildes, Purser & 
Sherlock, 1949). In those circumstances the sustained vasodilatation is absent 
(Duff & Swan, 1951; Whelan, 1952). 
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The relationship of the cerebrospinal fluid and aqueous humour 
inositol to the plasma inositol in the sheep. By D. A. Nrxon. 
Department of Physiology, St Mary’s Hospital Medical School, London, W.2 


The free inositol concentration in the cerebrospinal fluid (c.s.f.) has been shown 
to exceed that in the plasma of the same species (Nixon, 1955); it was of interest 
to see whether this relationship also held in the aqueous humour (a.h.) since 
it has been postulated that a similar mode of formation of these two extra- 
cellular fluids exists. Davson (1955) has shown that the kinetics of penetration 
of components from plasma to the extracellar fluids indicate similarity between 
the blood-a.h. and blood-c.s.f. barriers, and suggest that the formation of 
these fluids is primarily one of active sodium transport from the plasma. 
Simultaneous determinations were made of the plasma, c.s.f. and a.h. 
inositol concentrations present in twenty-one pregnant sheep, using the 
microbiological assay technique (Campling & Nixon, 1954). The c.s.f. (cisternal) 
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and a.h. samples were in all cases obtained within 10 min post-mortem. The 
mean values, together with the range obtained for the free inositol in mg/100 ml., 
are shown in Table 1. Confirmatory evidence of the presence of inositol in 
a.h. was afforded by paper chromatography using spraying and microbiological 
methods of detection. 


TABLE | 
Inositol concentration (mg/100 ml.) Ratios 
plasma a.h. o.8.f./plasma a.h./plasma c.s.f./a.h. 
Range 0-44-5-8 55-215 64-206 3-7-15-5 2-6-21-4 0-7-1-55 
Mean 1-54 9-80 9-83 7-68 8-18 1-02 


The combined inositol in the c.s.f. and a.h. amounts to a mean of 8-9 and 
4-8°/, of the total inositol (for four and five specimens respectively). 

A correlation of ¢.s.f. and a.h. inositol concentrations exists to the plasma 
inositol: P <0-001 and P =0-05 respectively. 

The finding that the inositol concentration ratio c.s.f./a.h. is very near unity 
is suggestive of a similar mode of formation of these two extracellular fluids 
which in view of the c.s.f./plasma and a.h./plasma ratios would appear to be 
one of secretion, at least with respect to their inositol concentrations in the 
sheep. 

This work was aided by an A.R.C. grant to Prof. Huggett. 
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Pulmonary vasomotor responses to changes of left auricular 
pressure. By 8. D. and Heten N. Department of 
Physvology, Royal Free Hospital School of Medicine, London, W.C. 1 


Isolated cat lungs were perfused through the pulmonary artery with the animal’s 
own heparinized blood at constant volume inflow using a Dale-Schuster pump. 
The venous outflow was collected from the left auricle into a reservoir which 
fed the pump. Measurements were made of pulmonary arterial and left 
auricular pressures using saline manometers. The venous outflow tubing could 
be partially occluded by a screw clip thus changing the left auricular pressure. 

Ventilation was either by positive or negative pressure. Increasing the left 
auricular pressure from 0 to approx. 15cm saline caused a slight rise of 
pulinonary arterial pressures and a marked decrease in resistance of the 
pulmonary vascular bed (measured as pulmonary arterial minus left auricular 
pressure). For left auricular pressures in the range 15-35 cm saline the 
pulmonary arterial pressure was sharply increased and the resistance slightly 
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diminished. The volume of blood in the lungs increased linearly with increase 
in left auricular pressure. 

Similar pressure relationships were found in the chloralosed cat with left 
lung perfusion (Duke, 1954). Section of the cervical vagosympathetic nerves, 
removal of the stellate ganglia and atropinization did not influence the curves 
obtained in this preparation. 

This work was aided by a grant to H. N. D. from the Central Research Fund of London University 
towards the cost of apparatus. 

REFERENCE 


Duke, H. N. (1954). J. Physiol. 125, 373-382. 


Cervical sympathetic system and light-induced oestrus in ferrets. 
By B. T. Donovan and J. J. van pen WERFF TEN Boscu. 


Reaction between histamine liberators and phosphates. By 
G. Dartow. Physiological Laboratory, Bedford College, London 


It has been found that three powerful histamine-liberators, propamidine 
isethionate, antrycide and compound 48/80 react im vitro with several phos- 
phates including adenosine triphosphate, the optimum pH being between 7 
and 9. On adding the drug to the nucleotide, a white precipitate gradually 
appears. In the case of propamidine isethionate analysis shows that the 
precipitate has a composition corresponding to three molecules of propamidine 
linked on to one of ATP. The absence of sulphur from the precipitate shows 
that the isethionate radical is not involved. 

After antrycide or propamidine have reacted with ATP im vitro and the 
precipitate centrifuged down, an intravenous injection of the supernatant 
fluid into a chloralosed cat fails to produce either an immediate or a delayed 
depressor response. Compound 48/80 still retains some of its histamine- 
liberating properties after similar treatment. This is not surprising since a 
smaller proportion of it is removed by this reaction. With all three drugs, 
however, there is a reduction in both their own delayed depressor effect and 
the immediate depressor response due to ATP. An intravenous injection of 
1-2 mg of ATP will prevent or diminish the release of histamine by these 
liberators only when the latter is given within 5-10 sec after the nucleotide. 

All three drugs react with several other phosphates including sodium 
triphosphate, glycerophosphate, glucose-1-phosphate and fructose 1, 6-di- 
phosphate. The ultraviolet absorption spectra of the histamine-liberators were 
examined in the presence of sodium triphosphate which was used because it 
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does not absorb in the ultraviolet yet is so similar to ATP that in low con- 
centration it is a competitive inhibitor of ATP-ase (Engelhardt, 1946). Changes 
in the intensity of the absorption bands show that a reaction occurs between 
1x 10m sodium triphosphate and 1-6 x 10-*m propamidine isethionate and 
between 5 x 10-°m sodium triphosphate and 8-5 x 10-°m compound 48/80 and 
2-6 x 10-*m antrycide. 

A considerable fraction of the histamine in a tissue is associated with the 
mitochondrial fraction of the cells (Hagen, 1954). An extremely steep con- 
centration gradient must therefore exist between these particles and the 
intracellular fluid. How this difference is maintained is unknown, but it may 
well depend on energy-consuming metabolic processes which in turn rely on 
the availability of high-energy phosphate bonds and the utilization of this 
energy by a highly specific enzyme system. It is suggested that histamine 
release might occur therefore when phosphate metabolism is disrupted by 
these particular liberators. . 
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Respiratory effects of raising the body temperature in man. By 
D. J.C. Cunntnenam and J. L. H. O’Rrorpan.* University Laboratory of 
Physiology, Oxford 

Respiratory effects of increasing body temperature during rest have been 

studied on five subjects. The level of the alveolar pCO, could be controlled by 

using the technique of Cormack, Cunningham & Gee (1955). In this way the 
respiratory alkalaemia which has previously been seen to accompany the 
hyperpnoes at raised temperatures (Landis, Long, Dunn, Jackson & Meyer, 

1926; Barltrop, 1954) could be avoided when desired. 

Body temperature (measured as rectal temperature) was controlled through 
the environmental wet-bulb temperature. Increases varied from 1-1 to 2-9° C. 
They produced a respiratory response without undue discomfort, and were 
the same in each series of experiments on one subject. 

The fall in alveolar pCO,, when it was allowed to occur, and the increase in 
ventilation were often much greater when the temperature was rising than 
when it was steady at the raised value (cf. Bazett & Haldane, 1921). This lower 
steady state ventilation was not primarily attributable to the development 


of respiratory alkalaemia since it was observed when alveolar pCO, was kept 
constant throughout (Table 1). 


* M.R.C. research scholar. 
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There was evidence for the existence of a threshold for the temperature 


effect. 


Sensitivity to CO, (A ventilation/ApCO,) at raised temperature was con- 
sidered over two ranges. Below the normal alveolar pCO, sensitivity seemed 
to be reduced. This is compatible with the idea of a threshold alveolar pCO,, 
below which changes of pCO, do not affect respiration (Nielsen, 1936). At and 
above the normal pCOQ,, sensitivity was approximately double that at ordinary 
temperature (P <0-01 for three out of five subjects). While it was not possible 
to exclude interfering factors, they probably did not account for the observed 
changes in sensitivity. 


TaB_eE 
pCO, =alveolar pCO,. 
V =pulmonary ventilation, phe oes Mean values for 4 to 13 experiments. 
Figures in parentheses indicate range of measurements. 
At raised temperature 
“Changing pCO, pCO, held steady 

Temperature 29-1 16-3 41-7 32-1 
rising _ (38-6-21-7) (8-6-27-3) (38-4-43-6) (9-0-63-2) 

Temperature 41-5 4-8 34-6 73 41-5 13-8 
steady (40-5-28-7)  (4-8-9-7) (7-5-18-9 


Cotes (1955) showed that CO, sensitivity was unchanged by the rise of body 
temperature in exercise. This contrasts with the effects of temperature at rest 


reported here. 
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Inhibition of histamine-induced gastric secretion in the rat 
by preparations of vasopressin, urogastrone and chorionic 
gonadotrophin. By M. N. Gxosxu. Department of Pharmacology, 
University College London 

A method for the continuous recording of acid gastric secretion in the rat has 

been described by Ghosh & Schild (1955). The stomach of the anaesthetized 

rat is perfused with a dilute solution of NaOH by way of the oesophagus and the 
pH of the fluid emerging from a cannula in the pylorus is recorded con- 
tinuously. Intravenous injections of histamine produce graded and reversible 
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responses which can be used for the assay of inhibitors of acid gastric secretion. 
When vasopressin in doses of 30-300 mU is given intravenously with histamine 
it produces a graded inhibition of acid gastric secretion from which the pre- 
paration recovers rapidly. A sample of purified urogastrone kindly provided 
by Prof. R. A. Gregory produced inhibition of histamine-induced secretion. 
Good inhibition of histamine secretion was also obtained by preparations of 
chorionic gonadotrophin. The gastric inhibitory activity of these preparations 
was not correlated with their gonadotrophic activity; the most active pre- 
paration produced a nearly maximal inhibition in dosage corresponding to 
600 i.u. of chorionic gonadotrophin. 

The doses of vasopressin which produce inhibition of gastric secretion also 
cause a powerful vasoconstriction and rise of B.P. in the anaesthetized rat, but 
the effective doses of chorionic gonadotrophin do not produce an appreciable 
rise of s.p. The inhibitory activity of chorionic gonadotrophin, therefore, 
cannot be due to contamination by vasopressin. 
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Phiorhizin inhibition of glucose absorption in vivo. By E. Lrsty 


Jervis, M. F. Suerr and D. H. Smyru. Department of Physiology, 
University of Sheffield 


Lundsgaard (1933) showed that intestinal absorption of glucose was inhibited 
by phlorhizin in a concentration of 2x10-*m. Recently, Smyth & Taylor 
(1955) have shown that phlorhizin in a concentration as low as 10-* inhibits 
both glucose and water transport in the im vitro intestinal preparation. We 
have therefore attempted to find the lowest concentration of phlorhizin which 
would affect absorption of glucose im vivo. The method used was that of 
Sheff & Smyth (1955). A known volume (50 ml.) of glucose solution (100 mg %) 
with or without added phlorhizin was introduced into the apparatus and 
circulated through the rat intestine. After 30 min the amount of glucose un- 
absorbed was estimated. It was found that phlorhizin in a concentration of 
10-*m caused nearly complete inhibition of glucose absorption, at 10m about 
40% inhibition, at 10-°m about 30%, and some degree of inhibition was 
evident at a concentration as low as 2x 10-*m or even smaller. Since we 
obtained these results we have found somewhat similar work by Ponz & 
Larralde (1952), who obtained some degree of inhibition with 2x 10->m 
phliorhizin. The much greater (10 times) sensitivity we have obtained is 
probably due to the fact that we used 100 mg % of glucose so that absorption 
could only take place against a concentration gradient, while Ponz & Larralde 
used 5% glucose so that movement of glucose could also occur with the 
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gradient. Our results show an inhibitory effect of phlorhizin in very much 
smaller concentrations than has previously been obtained on any system. 

No concentrations of phlorhizin of this order have ever been shown to inter- 
fere with either phosphorylation or dephosphorylation of glucose, and our 
results therefore suggest that the inhibition of glucose transfer by phlorhizin 
must be brought about in some other way, e.g. as Smyth & Taylor (1955) have 
suggested by interference with the utilization of metabolic energy. Some care, 
however, must be taken in dismissing the role of phosphorylating or dephos- 
phorylating enzymes, as the phlorhizin inhibition of these has mostly been 
studied in highly artificial systems, whereas it is possible that under physio- 
logical conditions the phosphorylating or dephosphorylating systems are more 
sensitive to phlorhizin. 
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Histamine levels in the pyridoxin-deficient rat. By Joyce Buxton, 
Acnes Mayer and H. M. Stnciarr. Laboratory of Human Nutrition, 
University of Oxford 

We have previously suggested that pyridoxal phosphate is a coenzyme of 

histaminase, and it was therefore possible that the skin lesions of deficiency 

of vitamin B, might be related to excessive histamine (Sinclair, 1952). This 
hypothesis was abandoned when we found the skin histamine was not increased 

(Sinclair, 1953). In this work we used pair-fed rats, but since the control 

animals are much larger than the deficient ones it was possible that the lowered 

histamine might be related to the size of the animal. We have therefore now 
also used weight-control animals. 

Litter-mate rats weighing about 100 g were put upon a diet deficient in 
vitamin B, and adequate in all other known factors. The deficient animals 
received 1-2 mg of deoxypyridoxin weekly, and the control animals received 
0-1 mg pyridoxin hydrochloride daily by mouth. The animals were killed after 
5-8 weeks, and histamine was estimated by the superfusion method of Gaddum 
(1953). The amount was significantly lowered, as compared with that in the 
weight-controls, in skin (P < 0-01), carcass (P < 0-01), intestine (P <0-001) and 
lung (P < 0-001). The levels in the weight controls did not differ significantly 
from those in the pair-fed controls. The deficiency did not appear to affect the 
mast cells. 

Substance 48/80 (Paton & Schachter, 1951) was injected i.p. daily into 
a further group of pyridoxin-deficient rats, and into their weight-control and 
pair-fed control litter-mates. Although the deficient animals were less able to 
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tolerate high doses of 48/80, its injection did not affect the severity of the skin 
lesion. The injections greatly reduced the amount of histamine in the skin and 
carcass of all groups to levels considerably below those produced by pytidoxin 
deficiency alone; the injections did not alter the amount of histamine in the 
intestine, and that in the lung showed no consistent changes. In this experi- 
ment also the levels in all four tissues of pyridoxin-deficient rats were signi- 
ficantly lower than those in pair-fed or weight-control animals. 

The results of these experiments in animals are consistent with the observa- 
tions of Guirard & Snell (1954) in bacteria that pyridoxal phosphate is a 
coenzyme of histidine decarboxylase. 

We conclude that the skin lesion in the rat deficient in pyridoxin is not 
directly related to the total amount of histamine in the skin. 


We are grateful to the Wellcome Research Laboratories and to Professor W. D. i eenen for 
supplies of 48/80 and to Messrs Roche Products Ltd. for deoxypyridoxin. 
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Neuromuscular facilitation by stretch of motor nerve endings. 


By O. F. Hurrer* and W. Trautwein.t Wilmer Institute, Johns Hopkins 
Hospital and University, Baltimore 


In partly blocked frog nerve-muscle preparations neuromuscular transmission 
can be restored by passively stretching the muscle (Kuffler, 1952; Ralston & 
Libet, 1953). A study of this phenomenon in frog sartorius and extensor 
digiti IV muscles treated with tubocurarine has given the following results: 
(i) The degree of neuromuscular transmission in partly blocked preparations 
is a linear function of the muscle length: step-wise increases in length cause 
the recruitment of an approximately equal number of muscle fibres. As much 
as 50%, of the muscle fibres may be recruited by stretching the muscle 30%, 
beyond its resting length. (ii) The height of the end-plate potential varies 
linearly with the muscle length. The increase in the end-plate potential by 
stretch is most pronounced when the ‘quantum content’ (del Castillo & Katz, 
1954) of the end-plate potential is low. (iii) In preparations treated with 
enough magnesium to reduce the end-plate response to a few units the 
probability of response among units is increased by stretching the muscle. 

The frequency of the spontaneous miniature end-plate potentials increases 
hand in hand with the end-plate response to a nerve volley. 


* Rockefeller Foundation Fellow. 
t National Academy of Sciences Fellow. 
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These results indicate that the mechanism responsible for the neuromuscular 
facilitation by stretch resides in the motor nerve endings. The phenomenon 
thus becomes of more general interest since it indicates how a comparatively 
simple change in structure can cause a long-lasting change in the safety margin 
of junctional transmission. 
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Changes in the properties of the uterine cervix of the rat in 
pregnancy. By Marcaret L. R. Harkness and R. D. Harkness. 
Department of Physiology, University College London 

We have previously reported a weakening of the foetal membranes of the rat 

at the end of pregnancy and some of the chemical changes which accompanied 

it (Harkness & Harkness, 1955). It seemed of interest for comparison to 
investigate the relaxation of the cervix which occurs in pregnancy. The cervix 
was stretched between two parallel rods, one through each canal. Most of the 
experiments were done with 50 g pull at 22° C, but others done with different 
weights and temperature of 37° C gave similar results. No change was found 
in the behaviour of the cervix till the 13th—14th day of pregnancy; thereafter, 
it became progressively more stretchable till the end of pregnancy. The course 
of the change resembled that found by Hall & Newton (1946) for separation of 
the symphisis pubis of the mouse in pregnancy. Application of tension produced 
an immediate relaxation followed by a slower progressive one; both of these 
showed similar changes with time of pregnancy. The origin of these changes is 

- almost certainly in the connective tissues. No signs of smooth muscular 

activity were seen. Experiments with 200 g pull gave similar results; papa- 

verine sulphate (50 mg/l.) did not appear to change results. Changes in the 
collagen content (from hydroxyproline, Neuman & Logan, 1950) and total 
hexosamine (method of Elson & Morgan (1933) and Boas (1953)) were also 
investigated. There was a slight increase in the total collagen content of the 
cervix over the period of increase in distensibility, a small drop in percentage 
collagen, but no significant change in percentage hexosamine. 

We are grateful to the Nuffield Foundation for a grant for this work. 
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Inexchangeable Na and K in frog muscle. By E. J. Harris and 

H. B. Srernpacn*. Biophysics Department, University College London 
Part of the K (Harris, 1952, 1953) and of the Na (Conway & Carey, 1955) of 
frog muscle is relatively inexchangeable with the respective ion applied 
externally. The Na of the muscle is not all removed by washing in Na-free 
solution (Fenn, Cobb & Marsh, 1934), and neither ion is completely extracted 
by distilled water (Tobias, 1950). 


TaBiE 1. Specific activities of wash solutions and of muscle residues. 


Specific activity p-equiv Na 
counts per min per per g fresh 
Solution p-equiv Na weight 
Sodium experiments 
(la) Pretreatment (soaked 40,000 —_ 
1 br) | 
Wash 30 min 35,300 —_— 
Wash 30-60 min 18,000 _ 
Wash 60-120 min 
Muscle residue 147 3-12 
(16) Pretreatment (soaked 5 hr) Not done —_ 
Wash 1 hr : 47,900 
Wash 1-10 hr 37,400 
Residue Ends Middle Ends 
3,460 11,500 265 0-87 
(1c) Pretreatment (soaked 4 hr) 3,600 — 
Wash 1 hr 3,600 — 
Wash, 1-20 hr 2,330 — 
Wash 20-21 hr 170 (may be low by 2x) — 
Residue 490 1-0 
p-equiv K 
ex ts 
(2a) Pretreatment (16 hr. in 12,080 a 
1 mM at 4°) 
Wash 14 hr 1,940 — 
Wash 14-2 br 1,780 
Residue 1,150 9 
(26) Pretreatment (16 hr with 13,460 —_ 
15 mm K at 4°) 
Wash 14 hr 10,800 
Wash 14-2 hr 8,420 — 
Residue 4,200 13-9 


We have loaded semi-tendinosus and iliofibularis muscles with tracer- 
labelled Na or K, and then leached them in successive lots of distilled water. 
The specific activity (ratio radioactivity/quantity of Na or K) in the final 
residue is lower than in the earlier lots of wash solution (or in the active solution 
used for treatment). Later lots of wash solution have a lower specific activity 
than earlier lots (see Table 1). This demonstrates clearly that the Na and K of 
the muscle does not become equally and uniformly mixed with the tracer- 
labelled material which has entered overnight. In the case of potassium the 


* Fellow of The John Simon Guggenheim Memorial Foundation. 
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degree of equilibration is increased by using a higher external concentration 
(compare 2a with 25). 

Non-uniform exchange might be attributable to the presence of connective 
tissue. Accordingly, we compared the Na in the ‘ends’ (=outer fourths) 
with the centre parts using leached muscles. The ends showed a greater con- 
centration of residual Na; the specific activity of this was less than that of the 
Na remaining in the centre parts (Expt. 1b and confirmed in a second experi- 
ment). We are accordingly led to the conclusion that connective tissue may 
account for part of the inexchangeable and inextractable Na fraction of the 
muscle. Similar experiments on the potassium are in progress. 
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Removal of bromsulphthalein by the portal vein and the hepatic 
artery in the anaesthetized dog. By W. H. Horner AnpreEws 
and T. G. Ricnarps. Department of Pharmacology, St Mary’s Hospital 
Medical School, London and Physiological Laboratory, University of 
Liverpool 

In isolated perfused canine livers, the extraction of bromsulphthalein (BSP) 

added to the arterial inflow was found to be twice as great as when added to 

the portal inflow (Andrews, Maegraith & Richards, 1955). Similar experiments 
~ on the removal of BSP from portal and hepatic arterial blood have now been 
made in the anaesthetized intact dog. 

It is assumed that, during the determination, important changes in the 
distribution of hepatic inflow do not take place. No direct determination of 
hepatic blood-flow rates has been made. 

Following a small priming dose, BSP was infused (0-70—-1-65 mg/min) at 
a constant rate successively into (a) the femoral vein, (b) the portal vein, and 
(c) the hepatic artery in the same animal. During infusion, an equilibrium 
level of BSP was reached in the systemic blood, no matter which route of 
administration was used. 

It can be shown that the hepatic uptake of BSP may be derived from the 
ratio at equilibrium of the BSP concentrations in the systemic blood following 
femoral, portal or hepatic arterial infusion, as the case may be. 

The results indicate that the proportion of BSP removed by the portal route 
is not constant, but decreases as the total quantity of BSP received by the 
animal increases with time. In some experiments it has become virtually 
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zero. Initial portal extraction was between 45 and 60% of the quantity 
presented. 

Arterial infusion gave initial extractions of 55-75% of the quantity pre- 
sented, which also decreased to 35-45%, but no further decrease occurred, 
even when portal extraction had fallen very low or even to zero. 

In a further small series of animals, BSP was infused into the femoral vein 
throughout, after an initial dose (5 mg/kg). When the first blood equilibrium 
level was established, a second dose (5 mg/kg) was given. When the new 
equilibrium level was reached, a further single dose was given, and so 
on. It was found that the equilibrium level did not continue to rise with 
each successive dose; in the later stages (usually after the third or fourth 
addition) blood concentration fell to the same level if sufficient time was 
allowed. | 

The tentative conclusion may be that at least two ‘mechanisms’ exist, which 
together remove BSP from the hepatic circulation. One of these seems to be 
most intimately connected with the portal circulation, and this process appears 
to be capable of ‘saturation’, or to come to a state of equilibrium with the 
blood. The other process seems to be in some unknown relationship to the 
hepatic artery and, in the conditions reported, it has not been found possible 
to ‘fatigue’ or ‘saturate’ this process, despite heavy dosage. 
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Observations on haemoglobin C and G in West Africa. By G. M. 
Epineton, H. Leamann and J. H. Watters 


The effects of graded exercises on the energy expenditure and 
heart rates of young and elderly men. By J. V. G. A. Durnin and 
V. Mixuuicic. Institute of Physiology, University of Glasgow 


Two groups of men, the one aged 20-30 years and the other aged 55-65, 
performed four types of graded exercise. There were twelve men in each group 
and they were employed normally as general labourers. A full clinical history 
was taken from the subjects and they were examined medically. All were 
apparently physically fit. Two exercises were done on an arm ergometer and 
two on a treadmill. One of the arm exercises was light. The other arm exercise, 
and the first of the treadmill exercises, walking on the level at 3-7 m.p.h., 
were moderate in severity. The second exercise on the treadmill, walking on 
the level at 4-3 m.p.h., was quite strenuous. One elderly man and one young 
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man were studied simultaneously. The order in which the four different types 
of work was done was arranged in random fashion to eliminate any effect which 
fatigue, practice or some other variable might have on the results. 
Pulmonary ventilation, energy expenditure and heart rate were recorded 
during the exercises and the heart rate was followed during the first 10 min 
of recovery. There was no significant difference between young and old for 
energy expenditure during the arm exercises, but in each of the treadmill 
exercises the old expended more energy than the young, the difference 
between the two age groups being highly significant. The behaviour of the 
pulse followed a similar pattern. The second arm exercise and walking at 
3-7 m.p.h. on the treadmill made similar metabolic demands on the young men 
but not on the elderly. Thus one must take age of the subjects into account 
when trying to equate the physiological cost of different types of exercise. 


The increase in forearm blood flow in response to raising the legs. 
By I. C. Ropprm and J. T. SHzpHERD 
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A method of recording the rate of outflow of parotid secretion in 
man. By A. C. Kerr 


Hepatic fibrosis produced with a fat free diet. By I. Macponatp 
and G. A. THomas, Departments of Physiology and Anatomy, Guy’s 
Hospital Medical School, London, S.E. 1 

A diet consisting of 31-7 % casein hydrolysate, 63-3°% sucrose, and 5% salts 

mixture with added dried yeast and vitamins A and D was found to produce 

a diffuse type of hepatic fibrosis in the liver of the rabbit. The same diet fed 
to rats caused a slight increase in liver lipid but no evidence of fibrosis. The 
parasitic role of the Himeria stiedae in the rabbits is thought to influence the 
formation of the fibrous tissue, because rabbits with a very limited coccidial 
infection do not show such marked hepatic changes when fed on the diet. The 
similarity of the histological findings in these experimental animals to those 
described (Walters & Waterlow, 1954) in West African children with chronic 
malaria is very striking and would support the hypothesis that liver infection 
plus an inadequate diet can lead to hepatic fibrosis, where either alone causes 
little or no visible hepatic response. The comparison between the experimental 
and known findings is more striking in view of the close relationship between 
Plasmodium and Evmeria. | 
REFERENCE 
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% £ A transistor pre-amplifier for electromyography. By R. E. Gzorcr 


Cardiac arrest by potassium citrate. By J. B. E. Baker and 
B. Dreyer. Department of Physiology, Charing Cross Hospital Medical 
School, London, W.C. 2 and Department of Surgery, Postgraduate Medical 
School, London, W. 12 


Mammalian hearts, if arrested by some suitable agent, will survive for at least 

15 min at 37° C without coronary flow and will recover their original per- 

formance within a few minutes of restarting the flow. Of several agents dis- 
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cussed for effecting elective cardiac arrest, potassium citrate, suggested by 
Melrose, was the most attractive. The reliability and safety of this substance 
~ has been established (Melrose, Dreyer, Bentall & Baker, 1955). Results on the 
heart of the dog in the living body have confirmed evidence obtained from 
the hearts of rabbits and of human foetuses, isolated and perfused with Locke’s 
solution by the Langendorff method. 

The roles of the potassium and of the citrate ions may be simply demon- 
strated by the use of the isolated perfused rabbit heart. The apparatus ensures 
that the heart remains at any desired temperature even in the absence of all 
coronary flow (Baker, 1951). Oxygenation of the Locke’s solution and pressure 
for the perfusion are supplied by bubbling the gas mixture (3% CQ, in O,) 
through the reservoir of perfusion fluid and then through mercury of a depth 
adjusted to maintain the desired pressure. This device ensures good oxygena- 
tion and does away with the inconvenience of obtaining the necessary perfu- 
sion pressure from bulky containers at awkward heights. 

Potassium citrate itself rapidly arrests the heart, and there is no tendency 
to escape so long as this agent remains in the coronary vessels; the lowest 
effective concentration is usually 1 mg/ml. A chemically equivalent amount 
of sodium citrate will only diminish the strength of beat and complete arrest 
will not occur even with ten times this concentration: On the other hand, 
potassium chloride in equivalent amount to an arresting dose of potassium 
citrate will not only diminish the force of contraction but may also precipitate 
ventricular fibrillation within a few minutes. Larger doses of potassium 
chloride cause complete arrest, but ventricular fibrillation is nearly always 
seen during recovery. By testing various concentrations of potassium chloride 
in the presence of a fixed concentration of sodium citrate it seems that the 
proportions of potassium and citrate in potassium citrate itself are the best for 
causing cardiac arrest, complete and without persistent ventricular fibrillation. 
During recovery of the heart ventricular fibrillation is not seen, and although 
the initial beats are irregular a steady sinus rhythm supervenes within a few 
seconds. It is to be noted especially that no antagonists to the potassium 
citrate are needed to start the heart-beat, which reappears when perfusion 
with the ordinary fluid is resumed. 

It has been found possible to stop the same heart for at least ten periods of 
15 min, each without coronary flow. The intervening times allowed for full 
recovery were also 15 min but could probably have been shorter. Control 
experiments in which the coronary flow was stopped for 15 min without 


previously arresting the heart-beat resulted i in slow and poor recovery when 
the flow was restored. 
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Blood flow through the conus arteriosus of the frog. By J. R. Simons 


The effect of hypoxia on the oxygen consumption of newborn dogs. 


By R. E. Moors. Department of Physiology, Royal Free Hospital School 
of Medicine, London, W.C. 1 


The oxygen consumption of individual newborn dogs (1-4 days old) has been 
studied using the method of Richards & Collison (1928). A fall in both basal 
metabolic rate (B.M.R.) and total metabolic rate (T.M.R.) was observed on lowering 
the oxygen tension within the metabolism chambers. This effect is in agree- 
ment with the findings of Cross, Tizard & Trythall (1955) in newborn infants. 
The initial composition of the chamber air was: O,, 20-22% ; CO,, 0-05-0-18% ; 
N,, 78-80%. After 60-90 min the composition was altered by running into 
each chamber a known amount of oxygen or nitrogen, the excess gas escaping 
to atmosphere through an open outlet tube. The chambers were otherwise 
undisturbed, and after resealing recordings were continued for a further 90 min 
or thereabouts. Air samples were taken for analysis at the end of the run, 
and in several experiments at the end of the first phase also. Preliminary 
experiments had shown that a predictable 21 + 1% O, could be obtained in the 
first phase using a standardized technique. The water-bath was maintained at 
30 + 0-01° C. 

In twelve experiments on four litter-mate dogs, the O, level was raised in 
six cases (to 27, 36 or 78%), the average mean change in B.M.R. being —1% 
(+0-7 to —3-5), and reduced in the other six (to between 12-3 and 7-6°%), the 
B.M.R. falling by between 7-5 and 31-4%. 

The T.M.R. was more variable, but in all the hypoxia experiments fell with 
the B.M.R.; in the others the change ranged from +12 to —6%. 

When histograms of consecutive 5 min intervals were constructed the fall 
in O, consumption was evident at the outset of the hypoxia phase, and the 
latency was certainly no longer than the change-over time (5 min). 
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Evidence of. a spermatocytotrophic hormone produced by the 
interstitial cells of the testis. By J. A. Nissim. Department of 
Pharmacology, Guy’s Hospital Medical School, London, S.E. 1 


Previous work has shown that repeated intravenous injections of an iron 

dextran complex (Imferon) result in heavy iron deposition in the interstitial 

cells of the testis with marked atrophy of the seminiferous tubules and 
b2 
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seminal vesicles (Nissim, 1955). Iron remains absent from the seminiferous 
tubules until severe damage has occurred. The testicular atrophy is not 
associated with iron deposition in the pituitary. The following experiments 
were carried out to investigate the mechanisms involved in this atrophy. 

Iron-dextran showed no oestrogenic activity when tested on ovariectomized 
mice in the same doses (two injections of 0-5 g Fe/kg a week to a total of eight 
injections). The simultaneous injection of chorionic gonadotrophin (Pregny]) 
in doses of 1 i.u. daily had no protective effect. In a further iron-dextran 
experiment, testosterone was injected in doses of 1 mg daily throughout. 
There was marked hypertrophy of the seminal vesicles, indicating that the 
deficiency of testosterone production by the interstitial cells was more than 
compensated for. Yet this was not associated with any reversal of testicular 
atrophy (Table 1), and spermatogenesis was not improved. 


Duration Average weight of 
experimen weight of Sore of 
Experiment No. of mice miceing testis in mg 
Control _ 100 26 109 85 
Iron-dextran 2 8 28 37 45 
Iron-dextran + chorionic 2 6 28 36 44 
gonadotrophin 
Iron-dextran 1 17 23 51 46 
Iron-dextran + testos- 1-2 5 26 36 116 
terone 
Testosterone only 1-2 4 26 104 148 
Tron-dextran + oestradiol 1-2 5 26 39 23 
Oestradiol only 1-2 4 22 78 14 


Oestradiol (0-2 mg daily) injected instead of testosterone in a parallel iron- 
dextran experiment resulted in greater atrophy of the seminal vesicles, but the 
weight of the testis did not differ significantly from the control. The inter- 
stitial cells, however, showed marked proliferation (Gardner, 1937), a propor- 
tion of the new cells revealing little or no iron uptake. This proliferation 
excludes the possibility that the atrophy of the tubules may be due to a 
vascular or nutritional disturbance. In view of these results, it seems difficult 
to avoid the conclusion that another hormone (which may be called spermato- 
cytotrophin) is normally elaborated by the interstitial cells in addition to 
testosterone. The iron-dextran mouse makes possible the assay of its activity. 

I should like to express my thanks to Benger’s Ltd. for the supply of Imferon. 
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Intensity-pitch dependence and its relation to the threshold for 
high frequencies. By H. Srrance 
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Changes in hand blood flow evoked by rapid alteration of the 
radiant heat exchange between the front of the body and the 
environment. By K. E. Coopzr, Herzen M. Ferres and R. F. 
Mottram. M.R.C. Group for Research on Body Temperature Regulation, 
St Mary’s Hospital, London, W.2, and the Division of Human Physiology, 
National Institute for Medical Research, Hampstead, N.W. 3 


Reflex vasodilatation in the hand consequent upon exposure of the trunk to 
radiant heat (Kerslake & Cooper, 1950) and reflex vasoconstriction in response 
to cooling the skin elsewhere (Frangois-Franck, 1876) have been described. 
An attempt has been made to determine whether the hand blood flow changes, 
which occur when the trunk is rapidly exposed to a warm or cool surface, are 
quantitatively related to the alteration in the radiant heat exchange. 

Each subject, lying supine on a couch, was clad so that a large area of skin 
on the trunk and upper thigh could be exposed to a flat black surface 30 in. 
long and 18 in. wide. This surface was 7-9 in. above the skin. It was maintained 
at the mean temperature of the exposed skin and is termed the neutral surface. 
A second surface at a different temperature (the experimental surface) could 
be exchanged rapidly with the neutral surface. The temperature of the experi- 
mental surface was varied between 8 and 97°C. Hand blood flows were 
measured by venous occlusion plethysmography. The change in hand blood 
flow was expressed as the mean flow during 100 sec exposure to the experi- 
mental surface minus the mean flow in the 50 sec before and after exposure. 
The radiation change is expressed as (7$,, —Tfeutra:) 10-*, where 
and T'neutrai ate the temperatures of the experimental and neutral surfaces 
in degrees absolute. No satisfactory method has yet been devised to estimate 
the shape factor for the trunk which would enable the radiation exchanges to 
be expressed in kg cal/unit time/unit area. 

In studies on four subjects it was found that a relationship existed between 
the change in radiation and the change in hand blood flow. In two subjects 
this was curvilinear, but in the other two no deviation from linearity was 
apparent for experimental surface temperatures of up to 70°C. In the two 
cases with a linear relationship the one regression line applies for both positive 
and negative radiations. It was found that some subjects gave quite large 
changes in hand blood flow when the change in radiation was scarcely 


perceptible. 
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Alimentary osmoreception. By J. N. Hunt 
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The relationship between chewing and secretory activity of the 
parotid gland in man. By A. C. Kerr » 


Chewing in man. By D. J. Anperson and D. C. Picton 
Respiratory changes during cooling in man. By D. J. ANDERSON 


Differential nerve narcosis with procaine. By P. B. C. Matruews 
and G. Ruspworts. University Laboratory of Physiology, Oxford 


Muscular hypertonus has been decreased without motor paralysis by injection of 
procaine into muscle (Walshe, 1924) or application of alcohol to nerve (Liddell 
& Olmsted, 1929). Our experiments reinvestigating this effect suggest that it 
results from preferential narcosis of small motor nerve fibres to muscle spindles. 

Responses of soleus muscle in cats decerebrated by section were recorded 
with an isometric myograph. A stretch reflex was produced by stretching 
soleus, during about 0-3 sec, by from 7 to 13 mm and keeping it extended a 
few seconds. A jerk was produced by tapping on the tendon hook. For 
narcosis a piece of filter-paper soaked in procaine solution was applied to 
nerve to soleus and lateral head gastrocnemius. This nerve was stimulated 
electrically 1-2 cm central to the block by single stimuli, by two stimuli 
separated by 3-5 msec, or at 100/sec. 

0-25% procaine produced, within 5-10 min, a large decrease or complete 
disappearance of the reflexes, but little or no change in the responses to nerve 
stimulation. These decreased slowly over the next 15 min. 0-5% procaine 
caused a more rapid disappearance of reflexes and the responses to stimulation 
were blocked in about 10 min. These effects were reversed within 30 min of 
covering the nerve in Ringer. When the reflexes had apparently disappeared 
a jerk could be obtained for some time by increasing the initial length of soleus; 
also more rapid stretch could still produce a brief phasic stretch reflex lasting 
barely longer than a jerk. In two blocks in different cats with an unusually 
large stretch reflex a small tonic stretch reflex persisted after a large initial 
decrease under narcosis. In one of eleven cats no differentiation was found. 

In separate experiments on cats under pentobarbitone the relative sensi- 
tivity of muscle nerve fibres to this method of procaine narcosis was tested. 
Nerve to medial head of gastrocnemius was stimulated and the compound 
action potential recorded in dorsal and ventral roots. 0-2% procaine slightly 
decreased the large fibre potentials in 20 min. 0-5° procaine blocked large 
motor and large afferents closely together, without any great difference in 
their progressive inability to follow repetitive stimulation. In contrast the 
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potential from the small motor fibres was blocked by 0-2% procaine in about 
10 min and rapidly disappeared under 05% procaine at a time when the 
large potential was only beginning to decrease. 

Thus small motor fibre sensitivity to procaine parallels reflex sensitivity and 
is probably its cause. Two factors which have not been directly eliminated are 
presumed block of small afferents and Wedensky inhibition of large afferents. 
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Femoral artery dilatation and post-contraction hyperaemia of 
the leg muscles. By 8. M. Hitton. National Institute for Medical 
Research, Mill Hill, London, N.W.7 


Following contraction of the muscles of the lower leg, in the cat and dog, the 
femoral artery dilates, apparently through an axon reflex (Schretzenmayr, 
1933; Fleisch, 1935). Previous experiments on the post-contraction hyperaemia 
in the cat’s gastrocnemius muscle led to the conclusion that it too is produced 
in the main through an axon reflex in vasodilator nerve fibres (Hilton, 1953, 
1954). Experiments have therefore been carried out in order to find out 
whether the same conducting system could be involved in the production of 
both phenomena, and, further, to obtain more definite information on the 
nature of the nerve fibres involved. 

In cats under chloralose anaesthesia, the size of the femoral artery has been 
recorded continuously, using a specially constructed oncometer. The dilatation 
of the femoral artery was found to follow a similar time course to that of the 
post-contraction vasodilatation within the muscle. Like the latter, the — 
femoral artery response is intimately connected with muscular contraction 
itself, is independent of any connexion with the central nervous system, and is 
practically abolished by a dose of nicotine which abolishes axon reflex effects 
within the muscle. The post-contraction hyperaemia can be practically 
abolished by local anaesthetics (Fleisch & Weger, 1938; Hilton, 1953), and 
the femoral artery response is abolished by applying cocaine to the artery 
wall below the oncometer (Fleisch, 1935). It has now been found that this 
response is also abolished by cutting the artery. The conducting system there- 
fore lies in the walls of the blood vessels themselves. 

Like the hyperaemia, the femoral artery response is unaffected by either 
chronic lumbar sympathectomy or posterior root ganglionectomy ; in addition, 
it is unaffected by stripping the adventitia from the vessel. On the other 
hand, 1-2 weeks after total denervation by sciatic nerve section, when the 
hyperaemia is greatly reduced, the femoral artery response is unobtainable. 
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Both responses therefore appear to be part of one and the same vascular 
reaction, but no known system of nerve fibres can be shown to be responsible 
for it. The conducting system must lie in the media of the vessel, and, unless 
the smooth muscle of the vessel wall can act in this way, the possibility must 
be reconsidered that there is a peripheral nerve plexus such as that described 
originally by Cajal (1911) and called the interstitial cell system. 

Other local vascular reactions involving vasodilatation conducted over 
some distance, even those hitherto attributed solely to posterior root fibres, 
may be explained by the presence of such a peripheral conducting system. 
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Regeneration by collateral sprouting in the partially denervated 
superior cervical ganglion of the cat. By J. G. Murray* and 


J. W. Taompson. Department of Pharmacology (Royal College of Surgeons), 
Examination Hall, Queen Square, London, W.C.1 


It is known that surviving axons in incompletely denervated muscle and skin 
can extend their existing field of innervation by means of sprouting. (For 
review, see Edds, 1953.) We have investigated whether or not collateral 
sprouting occurs in the sympathetic nervous system, using both functional 
and histological techniques. 

In cats, the superior cervical ganglion on one side was partially denervated 
by severing the rami communicantes from the first, second and third thoracic 
nerves; this causes about 80-90%, of the preganglionic fibres to degenerate as 
determined histologically (the preganglionic fibres to the nictitating membrane 
arise mostly from T1, T2 and T3 and much fewer from T4, T5, T6 and T7). 
Four to eight weeks after denervation, stimulation of an approximately equal 
number of preganglionic fibres on the two sides by means of electrodes placed 
at corresponding positions on the thoracic sympathetic trunks just caudad to 
T3 gives a much greater response of the nictitating membrane on the operated 
side than on the normal side. Indeed, the responses of the nictitating membrane 
on the partly denervated side equal those on stimulation of the whole of the 
cervical sympathetic trunk on the normal side, although the former side has 
only 10-20% of the number of preganglionic fibres present on the normal side. 

* Holder of M.R.C. Clinical Research Fellowship. 
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The increased effects are not due to peripheral sensitization of the effector 
organ, since the responses of the nictitating membrane on the partially 
denervated and normal sides to 1.v. adrenaline, noradrenaline or to post- 
ganglionic stimulation are practically equal. These findings confirm the results 
of Simeone, Cannon & Rosenblueth (1938). 

It was found that the pupil on the operated side dilated fully on stimulation 
of the preganglionic fibres arising caudad to T3 but showed no dilatation on 
similar stimulation on the normal side (pupillo-dilator fibres arise from T1, 
T2+T3). This suggested that the intact preganglionic fibres now reach 
postganglionic elements not previously activated by them. Histological con- 
firmation of such a process was obtained by the demonstration of collateral 
sprouts from intact preganglionic fibres within the operated ganglion which 
retrace empty tubes to denervated ganglion cells (Bielschowsky staining 
method). 

The evidence suggests that the increased responses of a denervated ganglion 
to electrical stimulation of remaining intact preganglionic fibres are due to 
collateral sprouts causing discharges from a larger number of postganglionic 
elements than are normally activated by that number of preganglionic fibres. 
Providing a few preganglionic fibres are available for collateral sprouts, the 
return of function of a partially denervated ganglion is remarkably complete, 
much more so than in a limb muscle after a comparable degree of denervation. 
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The influence of posterior lobe hormones on the excretion of Na 
and K in the conscious dog. By F. P. Brooxs and Mary Pickrorp. 
Department of Physiology, The University, Edinburgh 

Opinions differ widely as to the role of posterior pituitary hormones in the 

excretion of electrolytes by the kidney. Since in normal conditions a variety 

of stimuli cause simultaneous release of both oxytocic and vasopressor factors, 
the former appearing in greater amounts than the latter (Abrahams & Pick- 
ford, 1954), it appeared worth while to re-examine the effect of these sub- 
stances on the excretion of Na and K, using them in ‘physiological’ doses. 

Bitches were given single intravenous injections of Pitocin or Pitressin (Parke, 

Davis) singly or together, either during water diuresis or when the dogs were 

excreting at resting rates of urine flow. The vasopressor extract was given in 

doses of 1-5 mu., and the oxytocic in doses of 50-300 mu., according to the 
size of the dog. By the kindness of Dr du Vigneaud it was possible also to test 
the effect of his purified preparations of oxytocin and vasopressin. The results 
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were as follows. In water diuresis, a dose of Pitressin sufficient to cause anti- 
diuresis might, but did not necessarily, increase the absolute amount of Na 
and K excreted. Pitocin always increased the amount of Na excreted, and 
sometimes of K also. Purified oxytocin in the same dose as Pitocin had 
relatively little, or no, such action. When purified oxytocin was injected in 
combination with Pitressin the result was an increase in Na excretion, and 
perhaps of K also, which was considerably greater than when either active 
substance was given alone. Pitocin, and both purified oxytocin and vaso- 
pressin, injected into the non-hydrated dog excreting at low rates of urine 
flow, were all highly effective in increasing the absolute loss of Na, and some- 
times of K also. Thus, the power of oxytocin and vasopressin, either purified or 
commercially produced, to increase Na (and K) loss is greater at low rates of 
urine flow than at high ones, whether the low rate is due to non-hydration or 
to inhibition of diuresis by Pitressin. After a single intravenous injection of 
these substances the effect on Na loss may be short-lived, 10-20 min or longer, 
lasting 40 min or more. The observed increase in »moles Na/min excreted 
varied from 0-3 to 5 or 6 (and once 15) times the pre-injection rate of excretion. 
There was no evident relationship between the increased Na loss due to 
oxytocin and vasopressin and the pre-injection urinary concentration of Na. 
In a limited number of observations, vasopressin seemed to be more effective 
than oxytocin in causing an increased excretion of K. 
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Adenosine and sodium transfer in stored human erythrocytes. 
By Evetyn M. Crarxson. Department of Clinical Pathology, University 
College Hospital, London 

Using published data (Loutit, Mollison & Young, 1943) as a guide, it has been 

found that prolonged survival of cold-stored erythrocytes after transfusion is 

correlated with the retention of a high rate constant for Na efflux (k,) when 
cells are incubated in vitro (Clarkson, unpublished). 

Gabrio, Donohue & Finch (1955) showed that the viability of erythrocytes 
in acid citrate-dextrose media was improved by the addition of adenosine. 
The present work describes the effects on Na transfer of treating cells with 
adenosine in various ways. Transfer was measured with a tracer technique. 

(a4) Blood was stored for 5-7 weeks at 4° C without adenosine, and then 
incubated with adenosine. Here k, was much higher than in the adenosine- 
free control, lactate production showing a similar increase. 

(6) Samples of blood cold-stored with and without adenosine were all in- 
cubated with adenosine to determine if the presence of adenosine during 
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storage enhanced its effects on Na transport (k,) during incubation; no such 
enhancement was found, though lactate production increased by about 40%. 
(c) ky of fresh cells, unlike that of stored cells, was not increased by in- 
cubating with adenosine, either at 38° C (cf. Harris & Prankerd, 1955) or at 
22° C, though at 38° C lactate production rose by 30-40%. 
TaBLE 1. Effects of adenosine on the rate constants for Na efflux (k,) and influx (k,), and 
on lactate production of human erythrocytes stored at 4° C for 5 weeks 


Adenosine in Adenosine in 
storage incubation 


Expt. medium medium Cell Lactate formed 
no. (m-mole/l.) (m-mole/l.) pH k,/(hr) k,/(hr) (y~mole/ml. cells . hr) 
1 0 0 7-40 0-06 0-031 3-80 
0 2-5 7:36 0-21 0-039 9-00 
2 0 0 729 8=—s_(« O16 0-038 1-68 
0 3 7:37 0-25 0-050 6-55 
5 3 7-37 0-24 0-049 9-32 
3 0 0 7:24 0-11 0-026 _— 
0 0-75 7°23 0-20 0-028 — 
1-2 0-75 7-21 0-20 0-029 -- 
1-2 3 7-40 0-22 0-036 — 
5 0-75 7-22 0-20 0-031 — 
5 3 7-40 0-21 0-036 _— 


In glucose-free (washed) fresh cells, k, was maintained at the same level 
during 3 hr incubation, by the addition of adenosine or glucose alone, or of 
both together; thus in one experiment at 38° C, the respective values of k, hr-! 
were 0-34, 0-34 and 0-36, lactate production corresponding being 4-63, 4-70 and 
5-87 pmole/ml. cells. hr. 

Prankerd & Altman (1954) suggest that adenosine ultimately enters the 
metabolic cycle as 3-glyceraldehyde phosphate. If so, its action on Na trans- 
port may have special importance for stored cells whose phosphoric esters are 
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Non-medullated afferents in the buffer nerves. By W. W. Doue.as 
and J. M. Rrronier. National Institute for Medical Research, Mill Hull, 
London, N.W.7 

Recently Douglas, Ritchie & Schaumann (1955) have shown that the rabbit's 

aortic nerve contains, in addition to the known depressor fibres (i.e. medullated 

barosensory afferents), a group of depressor fibres whose conduction velocity 
and electrical excitability are characteristic of non-medullated axons. The 
present experiments suggest that similar fibres occur in the sinus nerve. 

As in the aortic nerve, when a 0-1 msec pulse was used, the intensity of 
stimulation required to evoke a maximal depressor response was about twenty 
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times the intensity that produced a just detectable response. We have been — 


unable, because of the shortness of the sinus nerve, to record simultaneously 
the action potentials set up by the stimulus and the reflex effects. But action 
potentials were recorded from the isolated sinus nerve and showed two distinct 
groups of fibres, one fast conducting, and the other conducting much more 
slowly. The action potential of the slowly conducting fibres is shown in Fig. 1. 
The stimulus intensity required to excite the slowly conducting fibres corres- 
ponded with that which had to be used to evoke maximal depressor responses. 

The large reflex fall in systemic blood pressure induced by high-intensity 
stimulation exciting the slowly conducting fibres of the sinus or aortic nerve 


Fig. 1. A photographic record of the slowly conducted action potential set up by a single shock 
applied to the isolated sinus nerve of the rabbit. The record of the fast conducted action 
potential was lost in reproduction, and it has been retouched to allow comparison of the 
relative amplitudes of the fast and slowly conducted potentials. The distance between the 
stimulating and recording electrodes was 4 mm. Temperature 36° C. Time trace, 1 msec. 


was accompanied by slowing of the heart, but not to any great extent: 
respiratory movements were not influenced by the activity in these fibres. 
Experiments on the cervical vagus showed that it too contains non-medullated 
afferents with similar depressor activity. 


REFERENCE 
Douglas, W. W., Ritchie, J. M. & Schaumann, W. (1955). J. Physiol. 180, 12-13 P. 


Pulsatile and non-pulsatile electrical stimulation of the rabbit’s 
aortic nerve. By W. W. Dovetas, J. M. Rrronte and W. Scuaumann.* 
National Institute for Medical Research, Mill Hill, London, N.W.7 

Afferent impulses in barosensory fibres are normally grouped in bursts 

synchronized to the fluctuations of systemic blood pressure, and Bronk & 

Stella (1932) raised the question whether or not this grouping of afferent 

impulses into discrete volleys is an important factor in regulating the activity 

* British Couneil Scholar. 
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of the centres upon which these impulses impinge. Certainly, evidence does 
exist that pulsatile presswres are more effective in eliciting barosensory 
reflexes than non-pulsatile pressures of the same mean value (McCrea & 
Wiggers, 1933; Strauss, 1940). Recently Ead, Green & Neil (1952) found that 
on conversion of a steady flow through the sinus region to a pulsatile flow, 
blood pressure fell and the previous continuous discharge in monitored sinus 
nerve fibres changed into bursts of impulses at a higher frequency: the total 
number of impulses occurring in a given time sometimes remained unchanged. 


Fig. 1. The depressor response to stimulation of the central end of an aortic nerve of a rabbit under 
urethane anaesthesia. During the periods marked by the solid horizontal bars a continuous 
train of shocks was delivered at a frequency of 32 shocks/sec. During the periods marked by 
the broken horizontal bars groups of shocks were delivered at a rate of 240/min, the frequency 
of shocks within each group being 64/sec; the duration of each group was half the time 
interval between successive groups (i.e. the average frequency was 32 shocks/sec). 


They concluded that such grouped impulses were more capable of affecting the 
vasomotor centre than a steady discharge of an equal number of impulses at a 
lower frequency. We have tested this conclusion directly by comparing the 
reflex depressor effects of pulsatile and non-pulsatile electrical stimulation of 
the medullated fibres of the rabbit’s aortic nerve, keeping the total number 
of shocks delivered with each type of stimulation constant. A typical experi- 
ment is illustrated in Fig. 1. It can be seen that changing the pattern of 
stimulation had little or no influence on the depressor effect. Similar findings 
were obtained with a variety of patterns of stimulation for frequencies of 
stimulation ranging from that producing threshold to that producing maximal 
depressor responses. The important factor responsible for the substantially 
greater effectiveness of pulsatile pressures seems therefore not to be the 
pulsatile nature of the afferent discharge; but more likely to be the recruit- 
ment of additional fibres by the pulsatile pressures as first demonstrated by 


Bronk & Stella (1932). 
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sinus baroceptor stimulation effect on 
(dog), 220 

Pulse rate, hypothalamic lesions effect on 
(cat), 411 

Pyridoxin deficiency, histamine concen- 
tration in tissues affected by (rat), 


Radiant heat exchange, hand blood flow 
affected by rapid body-environment 


axon of (squid), 


Reciprocal innervation, hypothalamic 
sympathetic and parasympathetic 
centres showing (cat), 411 

spinal interneurones showing (cat), 429 

Reflex rebound, post-tetanic potentiation 
effecting (cat), 32 

Renal function, pregnancy toxaemia effect 
on (sheep), 383 

Renshaw cells, drugs action on activity of 
(cat), 154 

Respiration, raised body temperature 
effect on (man), 14P 

ventilation hindrance components affect- 
ed by frequency of (cat), 396 

Respiratory changes, during fall in tem- 
perature, T, 30P 

Respiratory mechanics, principles of F, 1 P 

Reticulo-ruminal movements, anaes- 
thesia effect on (sheep and goat), 249 

Retina, bleaching of photosensitive sub- 
stance in (Xenopus), 6P 


Salivary secretion pressure, parotid 
gland blood supply affected by (sheep), 
28 


Salivary secretion, reflex stimulation of 
(sheep), 27 

Sensory nerve fibres, relative excitability 
and conduction velocity in motor and 
(man), 436 

Sensory nerve stimulation, spinal inter- 
neurones response to (cat), 425 


Sensory neuronal responses, thalamus 
stimulation facilitatory effect on (cat), 
115 

Sinus nerve, non-medullated afferents in 
(rabbit), 35.P 

Skeletal muscle, acetylcholine release 
from (cat), 488 


denervation effect on electrical properties 
of (frog), 1 
denervation effect on entry of potassium 
into (frog), 473 
femoral artery dilatation with hyper- 
aemia after contraction of leg (cat), 31 P 
inexchangeable Na and K in (frog), 20P 
neuromuscular facilitation by stretching 
Skeletal muscle blood flow, adrenaline 
action on blood lactate and (man), 10 P 
Sleep, adrenaline and noradrenaline con- 
tent of blood affected by (man), 170 
Small intestine, electropotential changes 
of (dog), 147 
Sodium, parotid saliva Na: K ratio affected 
by depletion of (sheep), 516 
skeletal muscle containing inexchange- 
able (frog), 20P 


i 

(man), 29P 

Radiosodium, microinjection into giant 
603 


Sodium ay posterior pituitary hor- 
mones effect on (dog), 33 P 

Sodium /potassium ratio, sympathetic 
stimulation effect on salivary (sheep), 
22 

Sorbitol, perfused heart penetration by 
(rat), 531 

Spermatocytotrophic hormone produc- 
tion by testis, 27P 

Spike potential, potassium effect on giant 

Spinal internevrones, unitary activity of 
(cat), 424 

Stomach, emptying time of (rat), 455 

Stress, thyroid activity affected by (rat), 
62 

Subatmospheric pressure, toe heat loss 
on exposure of foot to (man), 5P 

vascular reactions to (man), 277, 290 

Substance P, drugs effect on amount in 
brain of (mammal), 617 

Superior cervical ganglion, acetylcholine 
release from (cat), 480 

Sympathectomy, ‘after-drop’ in venous 
occlusion plethysmography affected by 
(man), 633 

pulmonary arterial pressure response to 


lease from (cat), 480 
Sympathetic nerve stimulation, parotid 
secretion affected by (sheep), 16 
Sympathetic reflexes, hypothalamic le- 
sions effect on (cat), 403 
Sympathetic vasodilator nerves, hand 
containing? (man), 647 


Temperature, giant nerve fibre impulse 
after-effects affected by (Loligo), 358 
ileum (isolated) responses affected by 
(guinea-pig), 7P 
respiratory changes during fall in (man), 
T, 30P 
Temporal summation, post-tetanic po- 
tentiation and (cat), 32 
TEPP, Renshaw cell activity affected by 
(cat), 162 
Testis, sp ytotrophic hormone pro- 
duction “ag interstitial cells of (mouse), 
27P 
Thalamus, cortical neuronal responses 
facilitation by stimulation of (cat), 115 
Thyroid activity, ACTH and adrenal 
steroids effect on (rat and rabbit), 58 
cold effect on (rat), 52 
— | function and (rat and rabbit), 


thalamo sial connexions 
poled in 137 
thyroxine injection into adenohypophysis 
effect on (rabbit), 127 
Thyroid gland, adrenaline effect on ''I 
uptake by (rabbit), 85 
pituitary stalk section effect on (ferret), 
108 


Thyroxine, thyroid activity affected by 
injection into adenohypophysis of 
(rabbit), 127 

Tissue culture, oestrogens action on vagina 
in (mouse), 497 

Toe heat loss, subatmospheric pressure on 
foot affect on (man), 5P 

Transmural pressure, vascular reactions 
to (man), 277 

Trichlorethylene, baroreceptor discharge 
affected by (cat), 465 

Urine flow, atrial stretch receptors effect 
on (dog), 572 

Urine osmolarity, o.r.x. fall during 
‘water’ diuresis effect on (dog), 307 

Urogastrone, histamine-induced i 
secretion inhibition by (rat), 15P 


Vagina, oestrogens action in tissue culture 
on (mouse), 497 

Vagotomy, pulmonary arterial response to 
sinus nerve stimulation affected by 
(dog), 232 

Vagus nerve, atrial stretch receptors action 
on urine flow affected by cooling of 
(dog), 579 

Vagus nerve stimulation, ventilation 
hindrance components in lungs affected 
by (cat), 396 

Vasodilatation, capacity of forearm blood 
vessels affected by (man), 299 

Vasopressin, histamine-induced gastric 
secretion inhibition by (rat), 15P 

Venous occlusion plethysmography, 
‘after-drop’ significance in (man), 627 

Ventral root stimulation, spinal inter- 
neurones response to (cat), 430 

Ventricle, acetylcholine liberation from 
(H-L), 318 

Vitamin E, oxygen poisoning affected by 
(rat), 200 

Voltage clamp, potassium equilibrium 
potential in giant nerve fibre affected 
by (Loligo), 364 


Water diuresis, adrenaline and acety!- 
choline central antagonism on (dog), 712 

‘Water’ diuresis, urine osmolarity affected 
by fall in G.¥.r. during (dog), 307 


sinus nerve ation DY | 
| (dog), 232 
Sympathetic ganglion, acetylcholine re- 
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